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fle objective of this research was to obtain a basic anderstending of the roact ion
mechanism of sulfur dioside with cobalt and chraamium and Uy use i anderstand in. to
anelvee the more complex reaction mechanism of colfur dioxide with Cotr A coat ing~,

A basic premise in achieving the objective was that the reaction wechatinms o sulfur
dioxide with cobalt and chromium are zimilar ond can be described in two basic steps:

Lo d ) - .
1o S0, —2(0) + (%) on the surface
- R T
2.0 2(0) + 50:——~’-SU; on the surface.
Z 4

Peing M-rav photuvelectron spectroscopy (XPFS), it was found that sultfur dioxide re-
acted with the oxide-free surfaces of single crystal Co(0001) and Cr(livu) as described
ahbove, The rates of these reactions were found to be similar for the two metals.  No
appreciable difference in activation eneryies could be determined with the exposures
used of 75umHg and 1 atm pressure sulfur dioxide at 1009, 2309, and 300°C for times
of 1, 5, and 15 min.

Quantitative depth profiling bv XPS of the CoCrAlY coatings showed tlat at each of
three chromium contents (20, 29, and 35 weight percent) the initial oxide films on the
coatings were all basically aluminum oxide with an vterium=-rich phase, The yttrium-rich
phase wus tentatively identified as vttrium aluminum garnet. This s#dilarity in all of
the initial oxide films indicated that the hot corrosion benefit derived by increasing
the chromium content of these coatings must be in improvingy the hot corrosion resistance
of the cecating under the oxide film. For this reason v le-free surfaces of the CoCrAly
coatings with 20 and 35 wt 7 chromium were exposed to 1 atm pressure sulfur dioxide feor
1, 5, L5, 30, and 60 min at 230°C. Both coatings Yormed '"cobalt-sulfate" and "chromium-
sulfate"” in a manner similar to that described above for the elemental cobalt and chromium,
In addition, increasing the chromium content of the coatings reduced the amount of cobalt
sulfate formed. This in turn was related to the formation of sigma phase in the high
chromium ceoating. The sizma nhase was theorized to be a more difficult surface on which
to form cobalt or chromine sulfate as compared to the alpha and beta phases present in
the lower chrominr oating. The formation of the sigma phase is believed to retard the

overall corre . lon process,

A cluster of ten cobalt and two oxygen atoms was used to model the second part of
the reaction mechanism described above. The approximate energies of the electrons in
the cluster were calcnlated with the SCF-Xa-SW method and the electron levels most likely
involved in the sulfate formation identified. This information could provide a means to
analyze the second part of the reaction mechanism as it occurs on other metals whose
sulfates are not as detrimental as that of cobalt or to devise an alloying scheme that
would impede this reaction step.,
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o ABSTRACT
o |
ﬂb When gas turbine engines are used in a
ﬂﬁ} marine environment, the blades and vanes in
d the hot section of the engine suffer a form of ‘
- material degradation known as hot corrosion. 1
AR An important part of the hot corrosion process
:}g involves the formation of cobalt sulfate by
- the interaction of the metal blade and vane
::f: surfaces with the sulfur dioxide present in
2 the combustion gas. The cobalt sulfate can
\J form a molten mixed-salt with the sodium
Y sulfate present in the sea salt ingested by thc
'}3 engine. This molten salt can corrode the blades
o and vanes. Metallic coatings that contain
‘Qﬁ cobalt, chromium, aluminum, and yttrium (CoCrAlY)
Y are used to extend the service life of these
. parts. Cobalt is the base element in these
;ﬁf coatings; chromium is the primary elemental
ﬁg: constitutent used to enhance corrosion
i}f resistance; and aluminum provides oxidation
s resistance.
Vi, The objective of this research was to
. obtain a basic understanding of the reaction
;2; mechanism of sulfur dioxide with cobalt and
.?; ) chromium and to use this understanding to analyze
" the more complex reaction mechanism of sulfur
s dioxide with CoCrAlY coatings. A basic premise
W5 in achieving the objective was that the reaction
‘_ ’ mechanisms of sulfur dioxide with cobalt and
~l chromium are similar and can be described in
SN two basic steps:
'i:f 1. SOz —» 2(0) + (8S) on the surface
}iA 2. 2(0) + SO —>» SO, on the surface.
: Using x-ray photoelectron spectroscopy
;) (XPS), it was found that sulfur dioxide reacted
~n with the oxide-free surfaces of single crystal
:ﬁ: Co(0001) and Cr(110) as described above. The
';ﬁ rates of these reactions were found to be
:: similar for the two metals. No appreciable
ﬁff difference in activation energies could be
ooy determined with the exposures used of 75u mHg
Ry and 1 atm pressure sulfur dioxide at 100c¢,
'ﬁﬁ 230°, and 300°C for times of 1, 5, and
GO 15 min.
:f; Quantitative depth profiling by XPS of
N the CoCrAlY coatings showed that at each of
—aa three chromium contents (20, 29, and 35 weight
'3{# . percent) the initial oxide films on the coatings
;ng were all basically aluminum oxide with an
4,
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vttrium-rich phase. The yttrium-rich phase was
tentatively identified as yttrium aluminum
garnet. This similarity in all of the initial
oxide films indicated that the hot corrosion
benefit derived by increasing the chromium
~ontent of these coatings must be in improving
the hot corrosion resistance of the coating
under the oxide film. For this reason oxide-free
surfaces of the CceCrAlY coatings with 20 and

35 wt % chromium were exposed to | atm pressure
sulfur dioxide for 1, 5, 15, 30, and 60 min at
230¢C. Both coatings formed "cobalt-sulfate”
and "chromium-sulfate” in a manner similar to
that described above for the elemental cobalt and
chromium. in addition, increasing the chromium
content of the coatings reduced the amount of
cobalt sulfate formed. This in turn was related
to the formation of sigma phase in the high
chromium coating. The sigma phase was theorized
to be a more difficult surface on which to form
cobalt or chromium sulfate as compared to the
alpha and beta phases present in the lower

chromium coating. The formation of the sigma
phase is believed to retard the overall corrosion
process.

A cluster of ten cobalt and two oxygen atoms
was used to model the second part of the reaction
mechanism described above. The approximate
energies of the electrons in the cluster were
calculated with the SCF-Xa-SW method and the
electron levels most likely involved in the
sulfate formation identified. This information
could provide a means to analyze the second part
of the reaction mechanism as it occurs on other
metals whose sulfates are not as detrimental as
that of c-balt or to devise an alloying scheme
that would impede this reaction step.
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1? INTRODUCTION

if PROBLEM SYNOPSIS

%? When gas turbine engines are used for power generation in a

- marine environment, the blades and vanes in the hot section of the

::: engine suffer a form of material degradation known as hot corrosion.

?3 In brief, the hot corrosion process involves the interaction of the
metal blade and vane surfaces with the sulfur dioxide and sea salt

‘ﬁg present in the combustion gases. The engineering solution to this

N

oy problem has been to develop special metallic coatings to extend the

i

" service life of these parts. The base element in these coatings is

-ﬁz cobalt, and the primary elemental constituent used to enhance their

>

::: corrosion resistance is chromium. This use of chromium was developed

i empirically, by test and evaluation. The purpose of this research is

‘é to obtain a basic understanding of the reaction mechanism of sulfur

i. dioxide with cobalt and chromium and to use this understanding as a

&? means to analyze the more complex reaction mechanism of sulfur dioxide

\3 with metallic coatings containing these elements.

;3 A reasonable starting point from which to approach a problem

*; such as this 18 to reduce it to an analysis of the most critical

;: aspects involved. One such aspect would be a detailed understanding

fs of the composition of the coating surface as presented to the

o environment. This composition need not be the same as that of the

:3 bulk coating composition. The nature of the surface composition will
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provide useful information as to how important the initiation stage of
the corrosion process is to the problem being studied. Another
important part of this problem is to understand the interaction of the
most significant corrodent gas in the environment (in this instance
sulfur dioxide) with the material surface that is under attack. The
last aspect of this problem is to understand how the elements in the
coatings (primarily cobalt and chromium) affect the corrosion process.
This will provide information on how important the propagation phase
of the corrosion process is to the problem. In summary, this research
effort was aimed at elucidating the interaction of sulfur dioxide with
the metallic surfaces of cobalt and chromium as a means to
understanding the more complex problem of how sulfur dioxide interacts

with CoCrAlY coatings.

HOT CORROSION

Hot corrosion is the broad term applied to the high
temperature corrosion of the blade and vane components of gas turbine
engines when operated in a marine environment. The parts most
severely attacked are the metallic coatings used to protect the
turbine blades. These coatings are often a mixture of cobalt,
chromium, aluminum and yttrium and as a class are identified by the
acronym CoCrAlY. Hot corrosion can take several forms and the form

that is of special concern in a marine environment has been designated

type 2 or low-temperature hot corrosion {(Grisik et al.'). The major
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aspects of this corrosion process can be described as follows:

e Sulfur in the fuel forms sulfur dioxide during
combustion.

® Sulfur dioxide reacts with the cobalt in the
turbine blade coating and forms cobalt sulfate.

e Sodium sulfate from the sea salt ingested by the
engine deposits in solid form on the turbine blades.

e In the temperature range of 677°¢ to 732°C (1250° to
1350°F) the sodium sulfate and the cobalt sulfate
form a mixed salt that has a lower melting point
then either of the pure salts. This results in the
degradation of the coating.

One way to stop the corrosion process would be to prevent the
formation of cobalt sulfate. 1In several research efforts (Goward? and
unpublished work of the author) it has been found that increasing the
chromium content of the CoCrAlY coating to 30 or
40 weight percent (wt%) from the originally used 20 wt% dramatically
improved the hot corrosion resistance of these coatings. During the

. open discussions of both the Fourth and Fifth Conferences on Gas
Turbine Materials in a Marine Environment, it had been speculated that
in the 20 wt% chromium coatings the oxide scales that form on these
coatings are a mixture of cobalt oxide, chromium oxide and aluminum
oxide, while in the 40 wt% chromium coatings the oxide scale is
predominantly chromium oxide. This continous layer of chromium oxide
then would serve as a barrier to the formation of cobalt sulfate.

This same situation had been postulated by Luthra and Wood? to occur
for binary CoCr alloys as the Cr content increases.

An important part of the objective of this work was to study

the validity of this hypothesis by examining the initial protective
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oxide scales that form on actual coatings. While the specifics of
that phase of the experimental efforts are properly discussed in more
detail below, it is helpful to the discussion at this point to note
that the protective oxide scales for CoCrAlY coatings containing
nominal levels of 20, 29, and 35 wt% chromium were essentially the
same. They were predominately alumina with an yttrium-rich phase.
The surface oxides also contained small amounts of cobalt and
chromium. Preferential segregation of elements to the surface of an
alloy, such as has occurred with the yttrium, has been found to occur
in other systems, such as CuNi (Sinfelt et al.?4).

Sprague et al.5 and Hwang et al.® have shown that in drop
castings of CoCrAlY with low chromium contents (20 to 23 wt%) the
vttrium-rich phase in the oxide scale on these castings can provide
initiation sites for the hot corrosion process. The corrosion or
sulfation of the yttrium-rich phase serves to mechanically disrupt the
remaining alumina and thereby expose the metallic coating to the hot
corrosion process. Due to the similarity of the starting scale in all
of the coatings in this study, a logical proposal is that the chromium
provides its hot corrosion benefit in slowing the propagation phase of
corrosion attack through the metallic CoCrAlY coating.

A means by which varying the chromium content of these
coatings might slow the propagation of hot corrosion can be envisioned

by considering the works of Luthra?: % on the sulfation of the alloys

of cobalt-chromiim, cobalt-aluminum, and cobalt-chromium-aluminum. It

has been found that it takes lower levels of sulfur dioxide to result

in a mixed low nelting point salt of cobalt sulfate in sodium sulfate
6
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than it does for chromium sulfate (or aluminum sultfate) and that the
levels of sulfur dioxide that are present in typical marine Jgas
turbines are sufficient to support the formation of liquid miwed
sulfates with cobalt sulfate but not chromium =sulfate (or aluminun
sul fate). This solution of the one sulfate In the other 1< necoessiar:
in order to promote and stabilize the formations of low melting point
mixed sulfates, which when liquid result in the rapid dicsolution of
the coatings. Thus as more chromium is added to these types of
coatings, it is possible that the formation of cobalt sulfate 1is
suppressed in favor of chromium sulfate. (The mechanism by which this
occurs was a major topic of this research effort.) If this is the
case, then the formation of low melting point mixed salts that are
needed for hot corrosion propagation are also suppressed. This
suppression of cobalt sulfate formation is crucial tc the design of
coatings with improved hot corrosion resistance in a marine
environment. What needs to be known is how the sulfur dioxide reacts
with the surfaces of a coating. In the research work reported here,
we determined that these reactions can be related to the interaction
of sulfur diox'de with cobalt or chromium in their unalloyed

{elemental) forms.,

REACTION MECHANTSMS OF SULKFUR DTONIDE WITH METALS (GENERAILD

The re tion mechanisms of sulfur diovide with several metals
have heen dececr b d i the lTiterature, and are summarized here. These
studies involvea exposing clean, ovide-free metals in ultra-high

vacuum (UHV) conditions to sulfur dioxide gas and then examining the




reaction products that form on these surfaces with surface-sensitive
inalytical techniques such as x-ray photoelectron spectroscopy (XPS),
Auger electron spectroscopy (AES), and ultra-violet photoelectron
spectroscopy (UPS).

Furuyama et al.?%, using XPS, found that a two stage reaction
occurs at 300 K when oxide-free surfaces of polycrystalline iron are
exposed to sulfur dioxide at pressures of 10-% torr for 0.1 to 5§
geconds. In the first stage of the reaction the sulfur dioxide gas
molecule dissociates on the iron and forms a sulfide and an oxide.
With further exposure to sulfur dioxide the adsorbed oxygen reacts
with the sulfur dioxide to form a sulfate. They described the
reactions as:

1. SO;(gas) ——» S(ads) + 20(ads)

2. SO:(gas) + 20(ads) ———» SO.(ads)

It was also found that pre-adsorbed oxygen on iron tended to inhibit
the first stage of the decomposition reaction of the sulfur dioxide
compared to that on a clean surface. It did not inhibit the second
stage of the reaction.

Brundle and Carley,!? using UPS and XPS, observed a
dissociation reaction when nickel was exposed to sulfur dioxide. They
exposed the nickel surface at 77 K and found the initial dissociation
to be to either SO+0 or a strongly chemisorbed SO; molecular species.
On heating to 300 K they found evidence of sulfide and sulfate
formation on the surface. Further reaction at 10-? torr resulted in
continued formation of the sulfide and sulfate species. They described

the reaction as one of disproportionation:
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2802 + de- —» S? + SO,?

Nebesny and Armstrong,!! using AES, studied the reaction of
sulfur dioxide with lithium. They found the sulfur dioxide at
pressures less than 1 mtorr to completely dissociate on a clean
lithium surface and to form a monolayer of 2:1 Li.O and Li:S at an
activation energy of 2-5 kcal/mole. The first stage of this reaction
seems to be limited to one monolayer. At sulfur dioxide pressures
higher than 1 mtorr an overlayer of Li:5:04/Li.S:0; formed on top of
the Li.0 and Li.S layer. The dissociation reaction proceeded with
full retention of all parts of the original sulfur dioxide molecule
and, no matter what the starting sulfur dioxide pressure, the
$203/82:04 overlayer was always preceded by the S§2/0% layer. However,
exposure of a pre-oxidized lithium surface to sulfur dioxide produced
the outerlayer of Li2S:04/Li2S:04 but not the innerlayer of Li.0 and
Li2S. As in the case of the iron, the reaction seems to proceed by
the interaction of sulfur dioxide with the oxide species formed from
the initial dissociation.

Kohler and Wassmuth,!? using AES, studied the reaction of
single crystal platinum in the (111) orientation with sulfur dioxide.
For the first part of this reaction they proposed a reaction similar
to that described above by Furuyama et al.® but added more detail as
to the steps involved in the first stage of the reaction. Namely,

(SO2)gas—»{(S02)aas—»(S0)adas+(0)aas—{(S)aas+2(0)aas

Not all metals dissociate sulfur dioxide. One that does not

is silver. Outka and Madix,!3? using UPS, found that single crystal

silver in a (110) orientation did not dissociate sulfur dioxide under

RS TG el estty |
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UHV conditions at ambient temperatures. The sulfur dioxide did adsorb
on the silver and Outka and Madix believed that this adsorption was
accomplished by the formation of a metal-SO: charge transfer complex.
In a second study, Outka et al.!4 reacted low pressure (10-6¢ torr for
I 3) sulfur dioxide with pre-oxidized Ag(110) at 241 K and it formed a
sulfur trioxide intermediate. At 500 K the sulfur trioxide species
dlsproportionates to give sulfur dioxide, adsorbed SO+ and subsurface
oRYVEen. The SO, was proposed to form bidentate oxygen bonds to the

surface spanning adjacent long twofold bridge sites (Fig. 1).

REACTION MECHANISM OF SULFUR DIOXIDE WITH COBALT AND
CHROMIUM (PROPOSED)

To begin to explain the significance of increasing the
chromium content in CoCrAlY coatings, studies that provide information
on the reaction steps involved in the formation of sulfate layers on
cobalt and chromium when they are exposed to sulfur dioxide were
useful. By comparison to the above described reactions of sulfur
dioxide with metal surfaces one can speculate on the reaction
mechanisms that should lead to the formation of sulfates on cobalt and
chromium. Sulfur dioxide is a bent molecule with each of the atoms at
the corner of an isosceles triangle with an apex angle of 119¢
(Fig. 2a). It is possible that the sulfur atom could bond directly to

the metal surface (Fig. 2b) and if the bond is of a dissociative

nature will result in the freeing of the two oxygen atoms (Fig. 2c).

\ These two oxygen atoms will then bond to the surface (Fig. 2d) and in

.

so doing can become preferred sites for the formation of a sulfate by
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the addition of another sulfur dioxide molecule (Fig. 2e). The extent
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Fig. 1. FCC (110) crystallographic plane where "a" marks the long
twofold bridge sites.
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and rate of this reaction can vary with different metals and can
provide a means to analyze the reactions that take place on the
surfaces of mixed alloy systems such as coatings. Determining the
variability of this reaction for cobalt and chromium was a part of
this research program.

As cobalt and chromium are first series transition metal
elements, it is proposed that the reactions proceed in two basic steps
which are equivalent to those found for the the first series
transition metals of iron and nickel as described above. For both
cobalt and chromium these steps are:

1. SO; —» 2(0) + (8S)

2. 2(0) + SO; —>» SO,
The overall reactions can be balanced as:

3. 5Cr + 6SO; —» Cr.(SO4)3 + 3CrS

4. 2Co + 250; —» CoS0O, + CoS
The free energies of reactions 3 and 4 can be calculated (Appendix A)
and at 230°C they are -234 kcal/mole of product for reaction 3 and

-47 kcal/mole of product for reaction 4. The negativ: values of the

free energies for these reactions mean that both reactions are
thermodynamically possible and that the products of reaction 3 are
more stable. However, it does not mean that they have to occur nor
does 1t provide any information as to what 1s happening from an
atomistic viewpoint or if a minimum «~onfiguration of atoms at a
gurface 1¢ needed to form a given type of sulfate. T ostudy this

aspect of the problem, maoleculiar orhital theory and ciuster

calculations of electron energy levels can be helpful.




1OLECULAR ORBITAL THECRY AND CLUSTER MODEL OF
"THEMISORFTION (GENERAL THEORY)
The first stages of most of the reactions described above are

wes of adsorption and discociative chemisorption. They typically

v ive the transf.or of electrons from the metal surface to the lowest
moccuga-d mole dlar orbital (LUMO) of the molecule being adsorbed.
r
SIS ooty o o trans e creates the bond o the molecule to the metal
- rfa o and s oirg it can destabilizse the molecule or dissociate
The »ase with which this «lectron transfer takes place can be
Gongns o as arn andication of the activation onergy needed for the
TR teke plaace ond is releted to the rate of the initial
T R T Mot ecurar arbites] {(MO) theory ¢an be described as a
deel v o the . fron bonding that holds the atoms in molecules
Toagether and may bhe extended to modeling the electron bonding that
»N
Berds o teesnles o wmetal gurtaces.  The theory usually handles the
ratter =L taat on s modeling 10 a3 a finitte cluster of atoms with some y
atoms frowm o the met 1 i o some Srom o the moleculs being held to the
pie Yol s e Vo ovvampie, the s hemtsorption of sulfur to nickel
fifas b eernom el e o sultar o atoem o on top of a tive-atom cluster of
i Re L wtieme . ok . Thos ouse ot a ffinite o lucter s somewhat
detteront rons b cheoryv . owh il roegiiree che use of an infinite
patt e Larotond i dL = anooad ! alerncss electrons being
e et e vt T rLet, Howerwor, thie might rct be a
Lo omeds D S o0 e 0 et o rdong b Tates ot oal. 16, At
!! veast part o it ot s e rans 1s Yl ieved to occur in the
- -
:ﬁ ase o bondiny rota s wa s face metal atoms (Gatesg et al . 18),
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of relocalization of electrons in the surface metal atom (Gates!s$),
For strong bonding, as in corrosive chemisorption, the localization of
electrons in the surface metal atom is almost complete and the surface
metal atom probably contributes little to the band structure of the
bulk metal (Gates et al.!6¢), The electrons involved in the bonding
are then probably localized in orbitals between the added (adsorbate)
atom(s) involved in the surface compound formation and the surface
metal atom(s) immediately associated with the adsorbate

(Gates et al.!6), Consequently, the bonding envisioned by molecular
orbital theory involves the formation of electron orbitals that are
mutual to the bound atoms and the surface. Molecular orbital theory
involves the idea that all orbitals in a molecule or cluster can
extend (but do not necessarily have to) over the entire cluster and as
such can be delocalized over the entire cluster (Cotton!7), However,
the theory allows (and this is a key point) the molecular orbitals to
have very large values of the wave function amplitude in certain parts
of the cluster (Cottont?), Surface compounds, such as oxygen
chemisorbed to a metal surface, can therefore be handled with this
theory. Thus the bonding modeled by MO theory involves the formation
of electron orbitals that are mutual to the bound atoms. These bonds
have been found to be similar to the bonds formed in the bulk oxide
(Tanaka and Tamaru!®). A study of hydrogen adsorption on nickel found
that the nature of the chemisoption bond formed was determined more by
the structure of the surface molecule than by the properties of the

bulk metal or Ly the characteristics of the clean surface (Fassaert

and van der Avoirdt9),
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When solving the Schrodinger equation for the si1tuation f an
electron in the complex potential tield of a molecule or a cluster,
the one electron orbitals can be modeled tv making 1 linear
combination of atumic orbitais (LCAO) corresponding to the atoms
involved, The atomic orbitals are the wave functions that are the
solution of Schrodinger's equation for an isolated atom. The enictinoe
of symmetry In most molecules and clusters manes solutpones 1o this
problem easier to obtain. The=¢ symmetry —onsiderations iead one to
mode ] metal surfaces as symmetric assemblies of atoms. The: sime of
the clusters used is necessarily finite <o the problem can be «colved.
Fortunately, the calculated electron energy levels begin to approach
those of band theory (i.e. the case of an infinite cluster) for
relatively small clusters (from 1 to 25 atoms) (Messmer ot al., 20 and
Salahub and Messmer2!t), It has been found that 25 atoms accomplish
this with a metal that is modeled tairly well by free c¢lectron  heory
{such as aluminum) where the valence electrons are more delocalized in
nature (Salahub and Messmer?!j, Frobabliy smaller clusters will work
faor transition metals where the electrons are more locatired 11 nature
Salahub and Messmer?!t),

Gne of the simpliest cases involves the adsorption and cventual
dissociation of hydrogen on a4 nicke! surtace. A diragrammat 1o
representation of the atomic orbitals involved 1n the bonding and
their shape 1= shown in Fig. 2 (Deuss and van der Svoirrd?2), The
shapes of the orbitals showun 1 the figure are intended 0 shou
surfaces enclosing o certain percentage (<ay 90%: o the clectron

density, I'n the work of Deuss and van der Avorrd, 22 MO theory was
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Fie. 3. Model of H»r absorption on a nickel surface.??
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used to show that as the hydrogen molecule approaches the surface of
the nickel, " ...the 3d.2electrons of the two nickel atoms...attract

the molecule and, on coming closer to the metal atoms, it will be

dissociated.... This process of adsorption and dissociation requires
no activation energy. The 4s electrons of nickel or copper cause very
different behavior. The hydrogen molecule is repelled and can only be

chemisorbed and dissociated if an activation barrier of approximately
50 kcal/mole for nickel or 45 kcal/mole for copper can surmounted."”
These same principles can be used to study the rates of SO
chemisorption on various metals.

A somewhat more involved cluster, which has been studied by MO
theory by Harris and Painter, 23 is shown in Fig. 4. This cluster
models the (100) surface of aluminum with an adsorbed oxygen atom.
This MO theory approach emphasizes the local nature of the bonding.

It allows for a consistent treatment of the atomic nature of the bond
formed between the substrate and the absorbate (Harris and Painter?z3),
The disadvantage of this approach is that the coupling of the surface
cluster and the adsorbate to the bulk of the material is poorly

described. However, as mentioned above, proper selection of the |
structure of the surface cluster can be more important to modeling the
nature of the chemisorption bond than a detailed consideration of the

bulk properties (Fassaert and van der Avoird!?). This method of using

a surface cluster or molecule to study chemisorption has been applied

by Johnson4 to various size clusters of platinum (13 atoms),

tron (9 atoms), and nickel (13 atoms). The electron energy levels

that result from these clusters were then compared to the energy

18
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Fig. 4. Six atom cluster of aluminum and oxygen.23
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levels of nitrogen, carbon monoxide, and oxygen. Matching of electron
orbital energies in the clusters and the gas molecules was then used
to explain why some metal surfaces absorb certain molecules more
easily than others. The mg¢ orbital of oxygen was found to match the
d-band of iron but not that of platinum, and this was suggested as an
explanation of the easier oxidation of iron versus platinum. The
distance or degree of mismatch of available molecular orbitals on the
adsorbate from the absorbant can possibly be correlated to activation
energy differences and enhanced kinetics of reaction on one metal

surface versus those of another.

MOLECULLAR ORBITAL THEORY AND CLUSTER CALCULATIONS
(APPLLICATION TO THIS PROBLEM)

On a surface of cobalt the second step of the reaction
proposed above would result in the formation of cobalt sulfate. Since
cobalt sulfate degrades the hot corrosion resistance of the coatings,
it would be interesting to use molecular orbital theory to model the
electron interactions involved in the formation of this sulfate. If
this could be done, such a model might provide a means to analy:ze
this step of the reaction as it occurs on other metals whose sulfates
are not as detrimental as that of cobalt or to devise an alloying
scheme to impede this reaction step. The electron energy levels of
such a cluster can be calculated by using the SCF-Xa-SW method as
described in Appendix B.

Several types of bond formation can be envisioned for sulfur

dioxide chemisorbed on transition metals. They involve sigma-type

bonds (the wave function of a sigma-type bond has rotational symmetry

20

A s j SCRTRTR IR R 5 AR R i R S N N ~~‘i
el bt e b e s re e el



l
L

)
e
LR

5
S s
-

X X - . .
-5-".-.-".'5-‘?‘-\4

v .,. “
TR A AR

h -« ‘,
t AR Ay

[
’."d'r:*-.

P

f 4 = 4 e

"l . l;'r.' e
R

AR

C3

SAaNNNY

"l
(A

RS e =

{

Ly
e
L S WE N

LSO

o
*
*t
i\ o

around the axis of the bond) or pi-type bonds (the wave fuction of a
pi-type bond does not have rotational symmetry around the axis of the
bond). The orbitals before bonding can be described as having plus
and minus lobes where the plus or minus relates to the sign of the
wave function. Symmetry requirements of MO bonding require that the
symmetry of the metal cluster's orbital (e.g. a d-orbital) match the
symmetry of the bond to the ligand or adsorbed species. Transition
metals can have as many as five d-orbitals which in the atomic case
are all degenerate. These orbitals are labeled d«2 -y2,d:2, dxz, d, .,
and dxy, and when they are all together they total 18 lobes of equal
distance from the origin. A representation of each 1s given in

Fig. 5. Ligand field theory provides an understanding of what happens
to these orbitals when a crystal forms. As a grouping of atoms forms,
such as that in a crystal, the degeneracy of the d-orbitals is lifted
with the energy of some raised more than others (Sanderscocn?s). A six
coordination number complex (an octahedron) is common for transition
metals. The six ligands produced by the six atoms surrounding the
acceptor atom will split two orbitals to a level called eq and three
orbitals to a level called t2g. This splitting is a result of six
atoms at the corners of the octahedron being able to approach six of
the eighteen lobes more closely than the other twelve (Sanderson2s).
Different coordination will result in different splitting of the
levels, [f the coordination 1s four, as in the case of a tetrahedron,
the t:¢ level is higher than the g since four atoms approach twelve
of the eighteen lobes more closeiy than the other sis. At a =surtface

vhere coordination is incomplete, arbitals <hould be avariable for
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'i; bonding with an adsorbate such as sulfur dioxide. The molecular
:ia orbitals of sulfur dioxide have been studied and described by Outka
:}i and Madix,!? Mingos, ?% and Anderson and Debnath.2?7?7 A diagram of the
.” ! three highest occupied molecular orbitals (HOMO) and the lowest
gzg unoccupied molecular orbital (LUMO) is given in Fig. 6. In the case
;;j of gsilver, Outka and Madixt? found that bonding of sulfur dioxide to
{)- the surface occurred by transfer of an electron from the metal to the
:&E LUMO in Fig. 6. Mingos2¢ pointed out that sulfur dioxide can undergo
-£§ electron transfers in both directions, i.e. from the metal to the LUMO
P
or from the HOMO to an empty orbital in the metal.

L]
o
};f THEORY AND OBJECTIVE OF THIS RESEARCH
... The basic premise of this work is that the reaction mechanisms
: : of SO: with cobalt and chromium are similar and are as described
i*a above. The objective was to prove this premise experimentally and

P

then to apply what was learned to modeling the initiation stage of the

r

(]
e

SO, interaction with CoCrAlY coatings. The results were then used to

propose a mechanism by which increasing the chromium content of these

o

COSRAARES

coatings improves their hot ccrrosion resistance.
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¥ EXPERIMENTAL PROCEDURE
B .. ."
K \'--.
o X-RAY PHOTOELECTRON SPECTROSCOPY
Bl
‘.q‘ d
} Theory and Equipment
w2 X-ray photoelectron spectroscopy (XPS) was used to examine the
s
iq nature of the surface reactions that were the subject of this research
'5’ effort. It was also used to study the nature of the initial oxides
{
jiq formed on the CoCrAlY coatings. XPS involves exposing the surface of
)
L . .
N interest to x-rays of a discrete energy. In the Kratos model XSAM 800
W
A
" surface analyzer used in these experiments, Al Ka (1486.6 eV) was the
J radiation source. This radiation interacts with the specimen, causing
) ) ‘
l:, the material to emit electrons whose-energy is characteristic of the
-
i
b
Q?ﬁ atoms from which they were emitted. (This process is diagrammatically
;‘C represented in Fig. 7.) The XPS equipment has an electron energy
' 2
:\f analyzer, which measures the kinetic energy of the emitted electrons.
‘\‘.‘
N This measurement is made with a hemispherical analyser having an
i4
\
f} aberration-compensated input lens (ACIL). The analyzer (shown in
'Eﬁ Fig. 8) superimposes different voltages on the the inner and outer
g
e hemispheres, which then allow only electrons with energies between
g;q these two values to pass through to the detector at the opposite end
"
L .
N of the analyzer. The equipment scans the voltages on the two
N
¢ ﬁ hemispheres through an energy range in steps, and during its dwell
FZ time at each step it keeps track of the counts per second, or
\ J"-:
‘): intensity of electrons, This information can then be graphed as
o
)
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Fig. 8. Lens-analyzer asscmbly.
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electron energy versus intensity; an example of such a graph is shown
in Fig. 9. The kinetic energy of the electrons can be related to

their binding energy by the relation

Eb = Ex~ray - Exin - (f)a y

where: Exin = kinetic energy of electrons as passed by the
spectrometer,
¢a = work function of entrance to the spectrometer lens;
Eb = binding energy of the emitted electron.

The major limit on the energv-resolving capabilities ¢f the instrument
is the width of the exciting radiation, e.g. 1.0 eV at full-width half
maximum for Al Ka.

The XPS spectrometer and specimen are contained within an
ultra-high vacuum. This prevents the electrons from being scattered
by gas molecules before they reach the analyzer and allows experiments
to be conducted and data acquired in reasonable times before the
specimen surfaces are contaminated with unwanted gases and carbon from
the atmosphere. This latter point is important since the the XPS
method analyzes for elements on the surface and within only several
atomic layers of the surface. The surface sensitivity of the XPS

method arises from its ability to measure the energy of emitted

electrons. These electrons have a very short mean free path in solid
matter. Typically, this distance is on the order of 5 to 10 angstroms
(Fig. 10). Therefore, the emitted electrons represent elements

present in the outer layer or several atomic layers below the surface.

28

e L NN LA TN LG N L
SR N A :ﬁ:’!&!d
[ Y mm\r



*ADART IPIXO
{erTiTur ydnoayl Yurasiands 1a3je ealoads ggx ATVADOD [EITdAL 6 *814

't

™

(A3) ADHINT ONIANIgE
0 00 oot 009 008

| | 1

i o
'.‘ A

TH P

anoo\\ ///mN v

dz Iv SE 00

&N
Tl

o
g
Q
N
|
Q
o

— 00001

SRR

d

H3ONv 0)

e,

.
i)

Lahahy

0000C

(GNOD3S/SLNNOJ) ALISNILNI
At

B ¥

W e

o)V :30HNOS NOILVIAVYH

> o

-e
%
-
X
-
-
"
"«
d
-
-
-

O

tiEdg 0 —

OLQ
G?s' l’,?‘v .?‘

P AN
i v.‘!.“.v""_'!"'t‘

]
y A




U T T e R B TR T T e, s w7 e ' ' W T W T O WTTETTW W T AR T TR T YW TR YR - TR W W W W W W YT wr e

100
50
r—
= |
—~
I
-
G 10
o -
w o
% -
Q 51—
[7)] -
u
il i Lo taaed 1 L1l 1 L1
5 10 100 1000 5000

ELECTRON KINETIC ENERGY (eV)

Fig, 10, Sampling depth in XPS as represented by a plot of escape depth against
kinetic caergy of the escaping eluectron,

30

: Ny '3 ~"( l o / X hot e ] . . ‘ \h.i’;-;'-‘. * ; x."\."l‘(gﬂﬂu\:‘b‘\ \*ﬁ:‘iﬂmmigmﬂ




T T T T T T AT N TR T T TR T R TR TR TR TR TR E T ™ Tw v,

Quantification

The concentration of a given element in the surface is
represented by the intensity of eiectrons (counts per second) emitted
at a given characteristic energy. The area under these peaks in the
\PS spectrum is used as a measure of the intensity. Computer-aided
routines are used to perform the necessary background subtraction
arcund the peak of interest and to calculate the area under the peak.
If peaks partially overlap, a peak synthesis routine is used to
extract the peak of interest. For example, the peak synthesis routine
was used to separate the yttrium 3ds : and 3ds;.. peaks. All
intensities are then corrected by a multiplication factor which
represents the spectrometer efficiency and the probability of emission
tfrom a particular electron energy level in a given atom. These
rorrection factors were determined by the analyzer's manufacturer.
The equation used to calculate the results in atomic percent is given

below ({David?2s and Briggs and Seah29):

Cvo= 1o 1.
Qx Qi
where Rx = quantification factor for a given element and
electron orbital;
Ix = peak intensity for a given element and a particular
electron orbital;
"y = econcentration in at % of element x.
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The details of the analysis parameters used to acquire the XPS data
are:

@Al excitation e Fixed analyzer ® True time averaging
(1486.6 eV) transmission
e Low magnification @Start energy ®Step size, 0.25 eV

of scan, 1000 eV

® Low resolution ® Channels, 4000 ® Dwell, 0.4 s.
All XPS peaks were referenced to the adventitious carbon 1s peak at
284.6 eV. The approximate binding energy of the XPS peaks used in the
quantitative analysis are given in Table 1. To assist in identifying
the chemical state of the yttrium, XPS spectra were made of pure
standards of yttrium oxide (Y:03) and yttrium aluminum garnet
{(Y3A150:2). Yttrium oxide can naturally be expected in the protective
oxide films on these coatings, and the possible presence of yttrium
aluminum garnet was suggested by the work of Luthra and Hall.3° The
vttrium oxide and the yttrium aluminum garnet had purities of 99.9399%
and 98.995%, respectively. These oxides are nonconductive and charge
up during the spectra acquisition. To compensate for this, the
adventitious carbon peak in both standards was referenced to the 1s
carbon peak at 284.6 eV and all other peaks were corrected
accordingly. These locations are shown in Table 2. The peaks were
acquired by averaging five 20-eV-wide scans around each peak location.
As mentioned before, in the case of the partially overlapping peaks, a

peak synthesis routine was used to separate and identify each

contribution.
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Table 1. XPS binding energy locations and Kratos
quantification factors.

LA
Lol
L S

0]
. Approximate Binding KRATOS
M, Electron Energy Location of Quantification
ﬁ"i Element Designation the Peak in (eV) for Factor
g.‘ Elemental and/or

;; 23 Oxide State

25

:j- Cobalt 2pa/a2 778 - elemental 2.5
R 780 - oxide

e

o Chromium 2p3 /2 574 - elemental 1.5
(<L 6§76 - oxide

LAY

\.

Aluminum 2ps/2 73 - elemental 0.12

gt 75 - oxide

.

:}R' Yttrium 3ds ;2 156 - oxide 1.05
.

[\ .n'_‘-

oo Oxygen 1s 532 - oxide Al:03 0.61
! !

uﬁ: For more detail on aluminum, yttrium, and oxygen peak

e locations, see Table 2.
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Table 2. Yttrium, aluminum, and oxygen XPS peak
identification.
Binding Energy (eV) of XPS Peakst?*
Material Yttrium Oxygen Aluminum
3ds /2 3da,2 ls 2p
Yttrium Oxide 156.35 160.7 529.25 -
(Y203)
Yttrium Aluminum 157.1 160.6 530.8 73.7
Garnet
(Y2A15012) j
Aluminum Oxide* - -- 531.6 74.17
{Al20,) -
CoCrAly®
Coatings 20Cr 158.1 160.1 531.35 | 532.1 74.35 | 75.1
Minor Major Minor | Major
29Cr 157.8 158.5 530.8 532.1 73.85 | 74.85
Minor Major Minor | Major
35Cr 158.35 160.35] 531.1 531.85| 73.85 1 74.6
Minor Major Minor [ Major
¥ All peaks calibrated to 284.6 eV, all values *0.25 eV.
+ Values obtained from Riggs et al. 3!
# All CoCrAlY coatings are in the heat treated condition
followed by 1 min of argcen sputter cleaning.
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DEPTH PROFILING
To measure the changes in composition of the elements as they

vary through the protective oxide film on the coatings, the original
surface was sputtered off in successive layers while the specimen was
in the UHV chamber of the analyzer. This was done with the ion
sputter gun attached to the analyzer chamber. The ion sputter gun
allows an accelerated ionized beam of argon atoms to impinge on the
specimen surface. By a collision process this strips off the surface
layvers. Typical ion sputter gun parameters used were:

® Beam voltage, 1.5 KV

® Emission, 25 mA

® Pressure, 2.0x10-2 Pa

® Beam rastered to cover the entire surface area

By using a tantalum dioxide standard, these parameters

represent a sputter rate of 30.0x10-8cm/min for this standard. The
standard preparation procedures used are given in Appendix C. After
the desired thickness is removed, an XPS spectrum is acquired and
quantified. The process is continued to the total depth desired.
This procedure allows a plot of composition versus depth. Accumulated
sputter times a* whicrh analyses were made were 0, 1, 3, 15, 47, 79,

VL9, 191, 231, 217, 263, 287, 303, 319, 343, 351, 367, 391, 407, 455,

and 180 minutes.

SAMPLE PREPARAT!ON
CoCrAlY
The spo 1men configuration used is as shown in Fig. 11, The

specimen shown was made of cast Rene 80, a nickel-base alloy that is

35
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STUB Rl

MATERIAL: RENE 80

C

SIDE VIEW

Fig. ll. Specimen configuration.
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frequently used for the first stage hot-section turbine blades of
marine gas turbine engines. Prior to machining, the alloy was given a
solution heat treatment:

2225°F (1220°C)--2 h in air--air cooled,
2000°F (1095°C)--4 h in air--air cooled.

The machining process removed any oxides formed during the heat
treatment. The specimens were then coated by using actual production
coating procedures. The coating was applied by physical vapor
deposition to a thickness of 0.126 mm (5 mils). Coatings with the
compositions shown in Table 3 were produced. These compositions were
selected to allow investigation of what effect varying the chromium
content in the bulk coating has on the oxide film composition. After
the application of the coating, the specimens were given the following
heat treatment:

1925°F (1051°C)--4 h in vacuum (10-4 torr)

--vacuum cooled,

1550°F (8459°C)--16 h in argon--argon cooled.
This heat treatment is similar to that given to production coatings.
Production parts allow for the final step to be done in a vacuum or
argon environment. After heat treatment, the coatings represented

actual production blade coatings and were in a configuration that is

suitable for direct insertion into the XPS analysis chamber.
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Table 3. CoCrAlY Coating composition.

Coating Composition?
Identification (wt%)
Letter
Cot Cr Al Y

A 65.77 20.64 13.35 0.24

B 60.15 28.89 10.72 0.23

C 54.03 35.25 10.32 0.40
¥ Composition supplied by the manufacturer.
+ Cobalt composition was done by difference.

Cobalt and Chromium

Elemental, oxide-free cobalt and chromium single crystals were
exposed to sulfur dioxide. The crystallographic orientation of the
exposed face of the hexagonally close packed (HCP) cobalt was (0001)
and of the body centered cubic (BCC) chromium was (110). These two
orientations result in the surfaces exposed to the sulfur dioxide
being the closest packed orientations for the respective crystal
types. The purities of the cobalt and the chromium were 99.999% and
99.996%, respectively. The main impurities were oxides.

Between the various exposures to sulfur dioxide the specimen
surfaces had to be cleaned of the reaction products. The surfaces
were ion-bombardment cleaned with 500 eV argon at 10 wA/cm2, Under
these conditions it took approximately 30 min of sputtering to clean

one or two layers of reaction product from the surface. These

38




L |
]
o
a2}

v ".,"'._" r

A A ]

%,

n DG T
PRy ¥
AAANDS

-
>

U3

A

. -
-y
»
AAAP,

=&
..
t )

..,

-
LS

%)

NN

conditions were selected to avoid microfaceting of the Cr(110) surface
that more energetic conditions can cause, as described by Shinn and

Madey?? and Grant and Haas.?33

SULFUR DIOXIDE EXPOSURES

Reaction Cell

In order to expose oxide-free surfaces of the materials in
this research effort to sulfur dioxide gas, a reaction cell was
attached to the side of the main XPS chamber (Fig. 12). Specimens are
transferred from the reaction cell to the main chamber through a ball
valve. A turbomolecular pump is attached to the side of the reaction
cell to allow pumping the cell down to pressures in the range of 10-°9
torr. In this pressure range it should take 5 to 10 min to form a
monolayer of contaminant gas molecules on an otherwise clean
surface.?t In all of the experiments in the reaction cell the
specimens were brought to temperature and exposed to the sulfur
dioxide within 5 min as a means to minimize the build-up of
contaminants on the clean surfaces before the surfaces could react
with the sulfur dioxide. To test the integrity of the reaction cell
to air leaks, test specimens were first sputter cleaned in the main
chamber and an XPS spectrum of the clean surface was acquired. If
there was no carbon on the surface, and if the oxygen level was not
greater than that due to oxide particles normally present in the
materials, the specimen was then transferred to the reaction cell
through the bail valve. These specimens were then run through a

typical exposure cycle and then transferred back into the main
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v:& chamber. An XPS spectrum was acquired and there was no detectable
'5¥ carbon on the specimens nor was there an appreciable increase in the
U
;;f‘ amount of oxygen on the surface. This indicated that the reaction
v cell was capable of holding an acceptable vacuum during the period
isa | needed to start the test exposures to sulfur dioxide.

7

;, _F Procedure
Eﬁg Cobalt and chromium were exposed to sulfur dioxide at two

Lt: pressures. These were 10-4 atm (75 umHg) and 1 atm (750,000 umlg).

- The 1-atm pressure was used because the work of Luthra3s indicated

XS

ig that thi1s pressure can be reached at the bottom of a corrosion pit on
Eg a CoCrAlY coating where the accompanying oxygen partial pressures are
e ? very low. The T75-um pressure was selected because Furuyama et al.?9,
o
%i: Brundle and Carleyv!9, and Nebesney and Armstrong!! indicate that a low
3 =%
:E&. pressure of sulfur dioxide is needed to investigate the first stages
L ) of sulfur dioxide reaction with a metal surface. Pressures in the

range of 10-6 atm would have been more desirvable for this aspect of

the study but such low pressures were not achievable with this

~

apparatus. Tests were run at 100¢, 230¢, and 300°C. The temperature

T :._

[ary

.
¢ <,

W . . .

N of 230°C was selected because it was the highest temperature that
’M“

fak

: (S could be achieved with this apparatus at | atm pressurc. The other

&

temperatures were selected to study their eftfect on the reaction rate.

A

" l:‘k}l A

Sulfate and Sulfide Tdentification

Felol

During the course of the experiments it hecome necessary to
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distinguish between the tormatioan of sultate or sultide species on the
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£3 metal surfaces. The position of the sulfur 2p peak is useful in

Sé identifying the formation of sulfate and sulfides. The sulfur 2p peak
;\’ is typically found at a binding energy of approximately 161 eV when
‘Eﬁ present in a sulfide, and at 169 eV when present in a sulfate. To

-;i verify these values, XPS spectra of pure powder standards of CoSOq,

:; oS, €Cr:{S04)3, and Cr:Si: were acquired. These spectra were obtained
%g hy averaging five 20-eV-wide scans around the XPS peak of interest and
;Ef correcting for the effects of charging by referencing to the

L adventitiosus carbon peak of 281.6 eV, The sulfur 2p peak locations

e were as follows: 163.35 eV in CoSOs; 161.1 eV in CoS; 169.1 eV in

:ﬁ Cr{S03),;, and 161.6 eV 1n Cr:S;. These values have an accuracy of
'3- +GL25 eV, In the work inveolving the pure single crystals, the sulfur
j: 2p peaks can naturally be associated with the respective sulfide or

E» sulfate tform of the metal involved., This convenience is no longer
lﬁ available when dealing with coatings that contain both cobalt and

i% chromium. While sti1]1] useful in determining that sulfate or sulfide
‘§§ species have formed, the sulfur Z2p peaks as present in the sulfides

.-

and sulfates of ~obalt and chromium are too close to be easily

)

“i drseriminated., In coatings containing these two metals, we were able
ig to tdentify the tormation of the respective sulfates by using the

; Z2ps @ praks of ~obalt and chromium. In the multiscan spectra
<§f acquisitions described above, the 2p; 2 peaks of cobalt and chromium

woere b= obtarned, The results are given in Table 4, along with

vialues tar cobast oand chromium i their elemental and oxide forms.

b
L)

TKY
l“
L
re

@ ey
e TANY

.'\- .
AR 9

B

'
'3
a
h]

s
5
~

¢

.
“‘
hY
.l
‘ﬁ
.
!

¢
A
g
’
E .';'.‘




Ra adi bl el e o W

) 2y

W '

A

A Y

e

ﬁ Table 3. Locations of 2p3; 2 XPS peaks for cobalt

@&\ and chromium,

'1:." —

"l-
‘ Chemical State 2p3s 2 Peak Location

o (eV)

N

oA Co-elemental 7T77.9%

N Co0 780.0%

il CoS0, 782.6

o,

W e

) Cr-elemental 574.1%

eod Cr,0; 576.6%

Cr2¢3504) 3 578.6

00 ¥ Values cbtained from Riggs et al. 3!

h\‘n'

ziﬁ [t can be seen that the 2p; : peak differentiates the presence
\"'

o

") of these three chemical states of these two elements. When extracting

L. )

!? quantitative information from the spectra in the test runs, the

. ","I.

yﬁg problem of any peak overlap was handled by using a peak synthesis

u"
“w N .

’}H routine to separate the peaks. The peak synthesis routine was more
O

4 complicated than usual due to both the cobalt and chromium peaks being
.h.‘-".

’Eﬁ asymmetric (Fig. 13). This asymmetry has been described by Doniach

").\‘_

f*;% and Sunjic36 as being the result of the escaping electron in the XPS

o

process losing kinetic energy by interacting with electrons near the

»
?ﬁé Fermi level. In an XPS spectra plot of binding energy this results in
é:e a "spreading out” of the high binding energy side of a peak. This
‘JJ effect is most prevalent in metals that have a high density of states
Ei near the Fermi level, such as found in the transition metals of cobalt
'hi and chromium. Since the peak synthesis routine used works with only

ek i}
z

gaussian curves that are symmetric, more than one gaussian had to be

combined to arrive at a computer simulation of the elemental cobalt

-
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and chromium peaks shown 1n Fig. 13. In the case of cobalt, five
Zausslans were used, Several combinations of five gaussians can be
used to model the shape of the cobalt spectra, but for the purposes of
thi1i< effort the locations of the peaks were made to correspond to
vari.us features that might be found in or near a Co 2ps 2 peak. The
ma;or peah was made to correspond to the location of elemental cobalt
TTY eV wath maner peaks located to correspond to the oxide peak
TSV o, the sultate peak (TRZ.5 eV), the osxide-shakeup peak (787
vl the 0 Zpy ;o osatellite peak (785 V).  The shakeup peak 1is
te e st f a4 multiciectron excitation. When it occurs in cobalt
vide o the emarted electron (the cobalt 2p electron) loses hinetaio
R N R ovgdern Jp oelectron transtfers into an unoccupied cobalt
oor ooy An antotit routine was used to fit these peaks to the
!
e 2y ¢ speotra (Faigs 1Y, This "standard” set of
|
Ja.ss s ca- then tht too the o Zpy g spectra trom the sulfur dioxide
, j vt o oaddst o nas tsinth)y peak (Fig. 15 at the location
. (TSI TR Sy TTRZ2LH eV and by varying its
e ~ it ¢ e tract quantaitatite anformation
< oo bt ' ‘ A A AN Viaamittar procedare was
, I T TSR DR SR e onitde-shaneap peak was
‘ T st £ oochromoun,
. . \ ot g e t thiw
! i : b g t ! vt bk omoan
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both elements in their sulfide state are difficult to distinguish from
their oxide state. Knowing that sulfides had formed based on the

position of the sulfur 2p peak was sufficient.

CLUSTER CALCULATIONS

To calculate the energies of one-electron orbitals for the
various clusters of atoms to be described below, a set of computer
programs was used that employ the SCF-Xa-SW method. The SCF-Xa-SW
method is described in detail in Appendix B. The computer programs
were obtained from the Quantum Chemistry Program Exchange located at
Indiana I'niversity. This goftware was developed by Cook and Case.?37
A typical calculation begins with a run of the program XASYMFN to
determine the symmetry of the cluster. This is followed by a run of
the program XAINPOT to determine the starting potential of the
cluster. One or more runs are made in the ESEARCH mode of the XASCF
program to find the one-electron energies to go along with the
original starting potential. These one-electron energies are then
used in another run of XASCF in the SCF mode in order to converge the

starting potentials and the energies in a self-consistent manner.
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RESULTS AND DISCUSSION

QUANTITATIVE ANALYSIS OF OXIDE LAYER ON CoCrAlYy

The results of the quantitative analysis are shown in
Figs. 16, 17, and 18 and are listed on Tables 5, 6, and 7. The data
plots show the quantitative analysis in weight percent on the
coordinate axis. For reference, the approximate depth of sputtering
related to a given sputtering time is also shown. This approximation
represents the depth of sputtering as derived from a Ta.:0s standard
and should serve as an adequate guide to the depth of sputtering on
the coatings. These sputter/quantitative, runs were made for the
coatings containing 20, 29, and 35 wt¥ chromium. They show that the
initial oxide scales in all cases are essentially rich in aluminum,
vttrium, and oxygen with only minor amounts of chromium or cobalt.

The significant yttrium in the outer layers of the coatings is
interesting; only 0.2 wt % yttrium is added to the bulk coating, but
approximately 5 to 6 wt% is found in the outer protective oxide scale.
Preferential segregation of elements to the surface of an alloy has
been found to occur in other alloy systems, such as Cu-\:
ISintelt ot al.%). With time of sputtering, the composition of the
coatings, particularly for the 35 wt% chromium-containing coating,
begin to approach the bulk coating composition, Accordingly, the
Gayvdgen Jevels drop from that of the initial laver, but tney are not

et cero atfter the total sputtering time of 180 min or ~porovimately

Fooum in depth. This oxyvden probably represents coataing detects
Al led Teadera) that o are o oommoen o PV 0 VTY D ot p g e, The «o
fraader< are tyvpacalis alumin,
/‘i}
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Table 5. Surface composition of 20Cr CoCrAlY as determined by XPS as a function
of accumulated sputter time.

20Cr CoCrAlY Coating Composition
| Accumulated Weight % Atomic %
Sputter Time
(min) : Co Cr Al Y 0 Co Cr Al Y 0
0 5.0 1 3.8 47 .8 5.4 38.0 1.9 1.7 40.5 1.4 54.5
l | 5.4 s 3.4 48.4 6.0 36.5 2.1 1.5 41.6 1.6 53.2
3 : 5.3 | 3.1 48.9 5.9 36.8 2.1 1.4 41.9 1.5 53.1
L5 | 4.0 ] 2.4 | 49.8 | 2.8 | 41.0] 1.5 | 1.0 | 40.5 | 0.7 | 56.3
: 47 4.7 2.0 52.6 1.6 39.1 1.8 0.8 43.0 0.4 54.0
j 79 | 4.3 3.4 52.3 1.3 38.7 1.6 1.5 43.0 0.3 53.6
‘ 159 7.8 3.9 49.0 0.4 38.9 3.0 1.7 40.8 0.2 54.3
; 191 12.0 5.7 47.0 0.2 35.1 4.9 2.6 41.0 | 0.1 51.4
; 231 22.0 10.0 39.0 0.3 28.7 9.8 5.0 38.0 0.1 47.1 {
: 247 27.0 9.5 35.0 —— 28.5) 12.4 4.9 36.8 | -——= | 47.9 |
263 29.2 15.3 35.1 -—— 20.4 1} 14.8 8.7 38.7 -— 37.8
| 287 38.0 18.3 24.3 -—— 19.4 20.8 11.3 28.9 ——- 39.0
‘ 303 32.7 18.8 33.9 ~-— 14.9] 18.0 11.7 40.3 ——- 30.0
| 319 38.9 25.3 24.6 —-—- 11.2| 23.9 17.6 33.0 - 25.5
343 41.7 19.5 23.0 -— 15.81 24.2 12.8 29.2 -—= 33.8
351 i 41.3 21.5 24.7 - 12.5] 25.0 14.7 32.6 —=- 27.7
367 t w7 i 25.1 23.0 -— 11.2 25.3 17.7 31.4 -— 25.6
583 ( 41.3 21.2 27.0 -—- 10.5( 25.4 14.7 36.2 | —— 23.7
399 i 44,1 : 23.3 23.2 -— 9.4 28.3 17.0 32.5 -— 22.3
| L47 i 42.0 24.5 22.9 -—- 7.5 30.0 18.4 33.3 -—- 18.3
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Tl Table 6. Surface composition of 29Cr CoCrAlY as determined by XFS as a function
b of accumulated sputter time.
a"
Y 29Cr CoCrAlY Coating Composition
%::- Accumulated Weight % Atomic %
"';,-_: Sputter Time
e (min) Co o | Al Y 0 o | cr Al Y 0
s 0 6.8 | 5.5 | 43.4 | 6.0 | 38.3 | 2.7 | 2.5 | 37.5 | 1.6 | 55.7
: 1 7.3 | 7.4 [ 37.7 | 5.8 | 41.8 | 2.9 | 3.3 | 32.2 | 1.5 | eu.1
- 3 6.2 | 5.5 | 43.5 | 6.0 | 38.8 | 2.4 | 2.5 | 37.4 | 1.6 | 56.1
A0 15 2.3 | 6.4 | 51.1 | 3.4 | 36.8 | 0.9 | 2.8 | 43.0 | 0.9 | 52.4
‘h\'-‘
SR 47 6.4 | 3.3 | 49.9 | 2.2 | 38.2 2.4 | 1.4 | 41.8 | 0.6 | 53.8
3 79 5.3 | 1.0 | S1.4 | 1.1 | 41.2 | 2.0 | 0.4 | 41.4 | 0.3 | 55.9
@ |
S 159 5.1 | 4.3 | 50.0 | 0.9 | 39.7 | 1.9 | 1.8 | 41.0 | 0.2 | 55.1
'.*:"J
. 191 6.9 | 6.5 | 46.9 | 0.7 | 39.0 | 2.7 | 2.8 | 39.2 | 0.2 | 55.1
.l'"ﬂ-:
R 231 14.5 | 6.5 | 44.9 | 0.7 | 33.3 | 6.0 | 3.1 | 40.3 | 0.2 | 50.4
{
e 247 18.0 | 8.4 | 41.9 | 0.5 | 31.2 | 7.7 | 4.1 | 39.1 | 0.1 | 49.0
s
e 263 24.5 |10.6 | 41.5 | ==~ | 23.4 | 11.5 | 5.6 | 42.5 | ——= | 40.4
h"::"'
[ 287 26.8 [13.7 | 42.5 | ——- | 17.0 | 13.6 | 7.8 | 46.8 | ——— | 31.8
s, 303 36.6 (11.9 | 31.3 | -—- | 20.2 | 19.2 | 7.0 | 35.6 | -—- | 38.2
o,
R 319 39.7 [20.7 | 21.1 | --- | 18.5 | 22.4 [13.2 | 26.0 | —-- | 3b.4
BT~
Ko 343 32.5 (19.7 | 32.0 | === | 15.6 | 18.6 | 8.3 | 40.2 | --= | 32.9
B 351 42.1 [14.7 | 28.2 | === | 15.0 | 24.0 | 9.5 | 35.1 | == | 31.4
.:jf 367 43.6 |15.2 | 27.1 | === | 14.1 | 25.4 {10.0 | 34.4 | -——— | 30.2
o
% 391 l49.5 119.2 | 19.6 | —=- | 11.7 | 31.6 |13.8 | 27.2 | - | 27.4
T 407 48.8 {23.2 | 17.4 | --- | 10.6 | 32.1 |17.3 | 25.0 | —-== | 25.6
S 455 49.8 (17.9 | 23.1 | -—- | 9.2 | 32.3 [13.1 | 32.6 | === | 22.0
::..: [
'3'}
'\-
& .
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lable 7. Surface composition of 35Cr CoCrAlY as determined by XPS as a function
of accumulated sputter time.

35Cr CoCrAlY Coating Composition

Accumulated Weight % Atomic %
Sputter Time 1

(min.) Co a Al Y 0 Co Cr Al Y 0
G 8.7 5.8 40.2 5.0 [40.3 3.4 2.6 34.5 1.3 158.2
1 6.7 3.6 46.1 4.1 {39.1 2.6 1.6 39.0 1.0 {55.8
3 7.2 4.4 | 46.7 | 3.4 |38.3 2.8 1.9 | 39.7 | 0.9 [54.7
7 5.2 5.8 | 47.0 | 3.3 |[38.7 2.0 2.5 | 39.6 | 0.8 |55.1
15 2.7 6.3 46.3 2.7 (42.0 1.0 2.7 37.8 0.7 {57.8
KR 6.6 3.7 50.6 2.2 |36.9 2.6 1.6 42.7 0.6 |52.5
63 3.7 4.9 | 50.7 | 0.5 |40.2 1.4 2.1 | 41.3 | 0.1 |55.1
169 5.1 4.5 | 47.5 | 0O 42.9 1.9 1.9 | 38.2 | 0O 58.0
247 15.3 15.2 42.3 0 27.2 6.9 7.6 41.0 0 44.6
303 22.9 24.7 30.8 0 21.6 11.6 14.2 34.0 0 40.2
| 351 32.9 23.7 25.5 0 17.9 18.1 14.8 30.7 0 136.4
407 32.2 31.6 23.3 0 12.9 19.3 21.6 30.6 0 28.5
455 34.1 37.6 18.4 0 9.9 22.2 27.7 26.2 0 23.9

| 480 37.6 | 30.5 | 20.6 | O 11.3 | 23.6 | 21.8 | 28.3 | 0 26.3
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The discovery of the high concentration of aluminum and
yttrium in the outer layers of these coatings, even when the chromium
content is at 35 wt%, is an important result of this research.
Several studies (Goward? and unpublished work of the author) have
shown that increasing the chromium content of the coatings to 30 or
40 wt% from the originally used 20 wt% dramatically improved the hot
corrosion resistance of these coatings. During the open discussions
of both the Fourth and the Fifth Conferences on Gas Turbine Materials
in a Marine Environment, it was speculated that in the
20 wt%¥ chromium coatings the oxide scales which form on these coatings
are a mixture of cobalt oxide, chromium oxide, and aluminum oxide,
while in the 40 wt% chromium containing coatings the oxide scale is
predominantly chromium oxide. Thus, it had been hypothesized that in
high-chromium coatings the formation of cobalt sulfate would be
impeded by the continuous nature of the chromium oxide. The results
reported here, however, show that the scales are predominantly
aluminum and oxygen with a relatively high amount of yttrium, even at
the 35 wt¥% chromiun level.

The aluminum and yttrium on the surface of these coatings can
be present in their separate oxide forms or, as indicated in the work
of Ramanarayanan, 38 as yttrium aluminum garnet. Consequently, we
attempted to determine the oxide form of aluminum and yttrium in the
vuter surface of the CoCrAlY coatings. XPS spectra were acquired of
yttraium oxide and yttrium aluminum garnet for comparison with the XPS

spectra of the ToCrAlY's., The peak locations given by Riggs et al.31

for aluminum and oxygen as found in aluminum oxide were also used for
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comparison. These peak locations are shown in Table 2. l'he oxygen
and aluminum peaks on the CoCrAlY specimens were each found to be made
up of two overlapping peaks, one major and one minor. A\ computerized
peak synthesis routine allowed the separate identification of theseo
peaks, and these data are shown in Table 2. Within the experimental

accuracy ( 10.25 eV) of locating the peak positions, the major

aluminum and oxygen peaks seemed most closely correlated o the
aluminum and oxygen peaks of aluminum oxide, whereas the w1k -
of these two elements correlate to alwninum and osyvgen o= 1 ' an
aluminum garnet. The yttrium 3ds 2 peak 1n the Cot rALY ot nw= 33

closer to yttrium, as in yttrium aluminum Larnet | than 1t 1< to
vttrium oxide, i.e., 0.7 to 1.2 eV vs, 1.5 to 2 e\ respectpveiy, I
these values were less than 0.5 e\, the contidence 1n the comparison
would be higher. For this reason the yttrium in the CofrAlY's
tentatively identified as being present in the form of vttrium
aluminum garnet. Consequently, the protective oxide on these
CoCrAlY’s seems to be predominantly aluminum oxide with vterium

possibly present as yttrium aluminum garnet. Some cobalt and ~hromoam

were also present 1n the analyvsis of the surtiee ot these o Vn
coatings; however, the amounts were low pelat yve boo tre bapvi o0t Gy

composition and 1t was no possible to determine from these dar ot
cobalt and chromium were present as discrete ovides or were -imps
contained within the aluminum oxide.

The significance of this high amount of “trrium in the <t aoce
oxide layers can be appreciated hy cansidering the waork of

Sprague et _al.’ and Hwang et al.® They showed thar the oty om0 b
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jarticles 1n the ovide scale can provide 1nitiation sites common to
1.l «f these coatings at which the hot corrosion process can begin.
The corrusion of the yttrium-rich particles serves to mechanically
fisrupt the remaining alumina scale and thereby expose the bulk of the
coat. ng to the hot corrasion process,
et the similarity of the starting scale 1n all of these
atangs, o lagiroal proposal 1s that the chromium provides its hot
crooaon heenetrt in o slowing the propagation phase of the bulk coating
vt ke Lomeans Ly owhich varsing the chromium content of these
ttong= nmight <low the propagation of hot corrosi. can be envisioned
ao~tdering the works of Luthra? % on the sulfation of elemental
Padt and chromium, It has been found that 1t takes lower levels of
for o dronade vt stabilice a mixed low melting point salt of cobalt
ittty i sodium sl fate than 1t does for chromium sulfate (or

voamram <Gl Pate This solution of the one sulfate in the other is

v e--nrt cnocrder t o, promote and stabilize the formation of low
NE e jeo.nt omr ! anlfates which result in the rapid dissolution and
g o EITRIRE O S Thus as more chromium 18 added to these
poeos t At -, the tormation of cobalt sulfate 1s probably
< ppr emet s e 0 Y o nramium sulfate, It so, then the formation of

et iy i oot waites needed for hot corrosion propagation are

- S f- Sappres<ron oof the farmation of cobalt sulfate
[ e Joons At nds weith rmproved resistance to
Pt Tte remasnder ot this research was an
' ‘ N : barr <uitate formation

B! it teec banc-mo o e react jons oarn
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be correlated t., the properties of cobalt or chromium in their

unalloyed ‘elemental) forms.

REACTION OF COBALT AND CHROMIUM WITH SULFUR DIOXIDE

To understand how CoCrAlY coatings react with sulfur dioxide,
we dtudied how two of the more predominant elements in the coatings,
*obalt and chromium, react with sulfur dioxide. After sputter
~seaning from the surface all oxides and carbon contamination,
Ce 001 and Cril10) vwere exposed to sulfur dioxide at pressures of
75 mHg at 2309°C tor various times. The amounts (in atomic percent)
of sulfate and sulfide formed on the surfaces were calculated using
the sulfur 2p XPS peaks as described above. These results were
plotted versus time in the Figs. 19a and 19b. The straight lines
through the data points in these plots were arrived at by a linear
regression analysis. For Cr(110), sulfide was the predominant
species. Some sulfate was present, even for the l-min exposure. With
time the amount of sulfate began to approach the amount of sulfide.
The Co(0001), in contrast, had a much higher amount of sulfide
relative to sulfate at the 1-min point. This could indicate that
Co(0001) had less of an activation energy than Cr(110) to dissociate
the sulfur dioxide to sulfide. Efforts to determine this activation
energy are described below. With time of exposure for the Co(0001),
the amount of sulfate increased, as it did for the Cr(110).

Sputter clean surfaces of Co(0001) and Cr(110) were also
exposed to sulfur dioxide at 1 atm pressure. Plots of at % sulfide

and sulfate produced on these surfaces are shown in Figs. 20 and 21
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for time of exposure at 230°C, The major difference between these
exposures and the 75-uym exposures was the the occurrence of sulfate as
the predominant species on the surface. On Cr(110) after 1 min
exposure to 1 atm sulfur dioxide there was slightly more sulfide than
sulfate, but very quickly the sulfate exceeded the sulfide. The
Cot00u1l) had more sulfate than sultfide even at the 1 min mark.,

To plot the 75-uym and l1-atm data on the same graph, a moditied
time line was used. The number of collisons of sulfur dioxide per
unit area per unit time can be calculated from the equation:

# of collisions = Pso / 2 mkT
Other than time, the only variable in these experiments was the
pressure of sulfur dioxide. The use of 10-% atm of sulfur dioxide in
one set of experiments versus 1 atm in the other set means that 10,000
more gas collisions occurred per unit time in the l-atm tests.
Therefore, to create a common time scale, all of the exposure times
for the l-atm tests were multiplied by 10,000 and then plotted
(Fig. 22) on a log scale with the unmodified times from the 75-um
tests. As pointed out before, the Co(0001) showed an initial high
value of sulfide after 1 min at 75-um and a steady decline from that

point in favor of the sulfate. For the Cr(110), the amount of sulfide

started to level off after 5 to 15 min at 75 um, and after about 30

min started to decrease.
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N

E These results are in keeping with the proposed reaction

N mechanism, which was:

yf Co + SOz ——» CoS + CoO:%

- CoO3+ SO3 —» CoSO4

- and

¥ Cr + SO ——»CrS + CrO,%

CrOz+ SO; ——» CrSO,%

y where ¥ indicates nonstiochiometry.

f To determine if the sulfur dioxide forms from the oxide
species, pre-oxidized Co(0001) and Cr(110) were exposed to sulfur
dioxide at a pressure of 1 atm and at 230°C for 15 min. The XPS
spectra showed a sulfur 2p peak in both cases that was characteristic
of sulfate. The conclusion is that the sulfate developed from the

¥ interaction of sulfur dioxide with the oxide species. This result will

? be useful in analyzing the reaction of sulfur dioxide with CoCrAlY

. coatings. A similar result was obtained by Furuyama et al.?® for the

;: reaction of sulfur dioxide with pre-oxidized iron and by Outka et

al.14 for the reaction of sulfur dioxide with pre-oxidized Ag(110)
when heated to 500 K. The fact that the sulfate forms by a reaction
of sulfur dioxide with the adsorbed oxygen indicates that the
decreases with time of the sulfide concentration in the various plots
were probably due to an attenuation of the sulfide peak intensity by

the overgrowing sulfate layer.

KINETICS STUDY OF SULFUR DIOXIDE REACTION WITH COBALT AND CHROMIUM
. The initial stage of reaction as described above is

i M + SO; —» MS + MO,
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The effect of temperature on the rate of this reaction was studied by

exposing Co(0001) and Cr(110) to sulfur dioxide at a pressure of

h Y
e

75 pmHg for 1, 5, 10 and/or 15 min at 100°and 300°C, in addition to

x
{ (l_{‘_

the data already discussed for 230°C. The results of these tests are

AT
. i

N 4
[ s

plotted on Figs. 23 and 24 with the at % of sulfate and sulfide as
calculated from the sulfur 2p peak versus time. For the Co(0001) at
230°C and 300°C (Figs. 19b and 24b) this reaction was so fast (as
measured by at % of sulfide as represented by the S 2p peak) under
these test conditions that the above reaction was essentially complete
before the end of the l-min exposures. This was not the case for
Cr(110) (Figs. 19a, 23a, and 24a). An ‘effort was made with the
Cr(110) to calculate a rate constant by assuming a first order
reaction (See Appendix D). The data show that the rate constant was
about the same at 100°C and 230°C, 1.1x10-? versus 1.2x10-3 s, but
decreased at 300°C to 4.6x10~-4 g-!, When the slope of an assumed
linear relation of 1/T vs. log k is calculated, a negative value of
1400 cal/mole results. Since activation energies must be positive and
on the order of kilocalories to have any validity, this value has no
real meaning. This result and the fact that this reaction on Co(0001)
was complete within ! min means a real difference cannot be measured
in the change of the rate constants for the first stage of this
reaction {as shoecwn above) for either the Co{(0001) or the Crcllo). 1t
must be remembered that the ability to measure small differences in
the rate constiants was constrained by the limited temperature vrange

and the pressure minimum of the experimental setup used,
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The second stage of the reaction was described s
MO; + SO; —» MSO;,

The rate constants and the activation energy for this reaction for
Co(0001) and Cr(110) were derived from the data of at % of sulfate (as
represented by the S 2p peak) shown in Figs. !9, 23, and 2%, (See
Appendix D for details.) The rate constants for the Co(0001) reaction
were 3.5x10-1, 2.8%x10-4 and 6.9x10-% s-! and for the Cr(110) were
8x10-3, 1.7x10-3 and 9x10-4 s-1 at 1009°C, 230°C, and 300°C
respectively. Using a linear regression analysis of log k vs. 1/T,
activation energies for the Co(0001) and the Cr(110) of respectively
1012 and 689 cal/mole were calculated. As part of the linear
regression analysis a correlation coefficient of the fit of the data
points to the straight line used is also calculated. The correlation
~oefficients for the reactions were -0.5 for the Co(0001) and -0.4 for
the Cr(110). A value close to | or -1 would mean that the data are
highly correlated and would indicate a high degree of confidence may
e placed in the fit of the straight line to the data. The values of

b oand -0 7 andicate low confidence 1n the appropriatness of the

Stk one Tt v the data, Consequent Iy, the contfidence 1in the

R r=tar - e des raobhang straitght Tane plots of log k ve. 1/T 1s
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FoOOXNTIDE-FREE CoCr vy WITH SULEFUR DIONTIDE
Since the protective oxide scales on all of the Cotral)
coatings were the same, it was surmised that the chromium in CoCrald
must provide its hot corrosion benefit in slowing the propagation
phase of the bhulh coating attack. This process was examined by
sputtering off the oxide on the 20Cr and 35Cr CoCralY’'s and exposing
them to <ulfur dioxide. Luthra?s showed that the environment at the
bace of a corresion pit has a very low partial pressure of oxygen and
A hich pressure of sulfur dioxide (almost 1 atm). Thus as a
simptat ed model of the propagation phase of the hot corrosion
pooess, twe spntter cleaned cxide-tree ColrAlY surfaces were osposed
' R P A tor various taimez from 1 main to 1 h and 1 the
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‘:'::: the Co 2ps.-2 and Cr 2pj3. 2 XPS peaks from each CoCraly cousrd b ogsed v

)

\

[}

:'o find the amount of cobalt sulfate and chromium sulfate formed onca f

Jg'

0 ‘

o CoCrAlY. The results of the at % of the sulfates (as represensatod o

o the Co 2pj3.: and Cr Zps : peak intensities) versus time of coposar

:::- are plotted in Figs. 25 and 26 and the values are given on Tab e &

D

" v As expected, the 20Cr CoCraAlY formed more cobait sultfate than b oo

"\'.‘r' sulfate while the reverse was Lrue on the 35Cr CoorAly.  wWhat' -

-;‘_. interesting is the ratio ot cobalt sulfate produr ed

o

.0-.

< Table 8, Co-sulfate” as in the Co Cp  peakh and

o "Cr-sulfate” as in the Cr 2p3 . peak s produced oo tio

- 20Cr and 35Cr CoCrAlY for various times of exposur

.r_\. at 230°C to 1 atm sulfur dioxide. Values in at %,
- 20Cr CoCrAly 350 CoCral)

!__ Time of - S -

:-':{ Exposure | "Co-sulfate”| " "Cr-sulfate” "Co-sulfate” | Cr-saltar,

" {min)

¥ S

~ 1 3.5 1.1 1.4 !

, 5 4.7 3.3 1.7 2.8

- 15 7.0 4.0 1.9 ’ 1.

30 5.8 5.0 1.8 3.9

- 60 5.6 4.4 2.3 [

210 - - 1.2 | Ty

o o | I ]

_-,. on the 20Cr CoCrAlY versus that on the 35Cr CoCraAfYy nd the e :

IAK

,-,- chromium sulfats produced on the 35Cr CoCrAlY versus that on the (o

£

ul

d CoCrAlY. The ratio of cobalt sulfate produced on 200pr t. the 0

" 'oCrAlY is shown in Table 9. The average value 1s 2.8 and tr,

- standard deviation is 0.6, indicating that between 2 to 4 tyme -

o ~ubalt sulfate was produced on the Z20Cr CoCrAlY comparec o h T
oo rAlY.  This could mean that the 200r CoCrAlY had 2 v, < v o '
‘nitiating sites for cobalt sulfate than did the 353Cr coCprai
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' rorsat b ons, the microswtructure of the 200r
) et o e tarmat ton of phases that
v oLt ot atams v the adloy matrix. Both
. o v e s ans e o when vicwed under the optical
) ' hale oa o owhite phase and n grey or dark phase,
' co LTS TERN I BR IO (See Fag., 29.) For 20Cr CoCrAly,
Vo e i’ by serabed the white phase as an alpha phase
I Coar . baat o oand che o omium with some aluminum and the grey
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phase as a beta phase with predominantoly cobalt and alumrinoam that

also contains some chromium. In addition, the greyv orv beta phase v
desoribed as having the CsCl] structure. The literature 1= bastiteally

stlent on the 35Cr CoCrAlYy.

An electron microprobe determination was made of the choemiond
composition of both phases in both coatings. The analyses from ten
different spots were averaged for each phase. For the 2001 CoCraly
the white (alpha) phase was 64 at % Co, 30 at % Cr and 6 at % Al, and
the dark (heta) phase was 56 at % Co, 11 at % Cr and 30 at % Al An
image analysis showed the white phase to cover 11.1% and the dark
phase 88.6% of the coating surface area. For the 35Cr CoCrAlY the
white phase was 16 at % Co, 418 at % Cr and 6 at % Al, and the dark
phase was 51 at % Co, 20 at % Cr and 29 at % Al. The i1mage analysis

s

showed the white and the dark phases to cover 40.7 and 59.3%,
respectively, ot the coating surface area. The composition of the
white phase in the 35Cr CoCrAlY indicated that a sigma phase had
formed in this coating.

In the cobalt/chromium binary system the sigma phase occurs
within a narrow composition range around 50 at % Co and 50 at % Cr
{Am. Soc., Metalsd49), The sigma phase is an intermetallic compound,
primarily involving transition metal elements, in which the elements
do not occupy random locations in the lattice. This ordering of the
sigma phase is described below. A literature search did not turn up a
good room temperature ternary phase diagram for the CoCrAl system.

However, an examination of the binary CoCr phase diagram in the Metals

Handbook 49 showed that at room temperature the sigma phase exists in
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equilibrium with a second phase of solid sociutiun obalt and hromium
when the chromium content is between 15 and 58 at %. From 38 to

62 at % chromium the binary alloy is in the single phase saigma field.
On a ternary phase diagram for CoCral at 1175°C (Gupta et al.*') a

sigma phase i1s present in a region where the chromium varies from 50
to 60 at % and the aluminum from 0 to 5 at %. Based on this
information it is not unreasonable to postulate that sigma phase may
be found in CoCrAlY coatings with high chromium contents, and, if so,
that it exists with a composition similar to the composition of the
high chromium coating in this study.

In the case of sigma phase in the binary CoCr system, the
crystal structure, as described by (Henry and Longsdalet?) is that of
a tetragonal unit cell (with a=8.81A and c¢=4.56A) containing 30 atoms.
The structure of the unit cell has been described by Dickens et al.+*3
as hexagonal, close-packed sheets in the planes z=0 and z=c/2, which
serve as the main layers, and with 4 atoms in each of the secondary
planes at z=c/4 and z=3c/4. The crystal is classified as being of the
space group P4/mnm which has the arrangement of atoms detailed in
Table 10. For a composition of 13 Co and 17 Cr atoms (i.e. 56.4 at %
Cr), Dickens et al.43 found the Co and Cr atoms to order themselves at
the various lattice sites in regular way with the 2a and the 8il sites
(as described in Table 10) occupied by cobalt and the 4g and 8i2 sites
by chromium. The 8j sites are occupied at random by the two elements.
Since the compositon described by Dickens et al.43 is close to that of

the sigma in the CoCrAlY coatings, the atom
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Table 10, Positirons ot a2 “ms T e T
cell of Sigma o 8
_ -y - , -y
Degignated  lattice Site Posir .o ot he At ~ N
Plane [ Designation \ ! 3 ) . o
| v\ A\ A o
L : + . .
=0 2a ' ]
ig Lo
ig 1.5 ! ! ’
X Bl D IRLY | - a \
! 811 -0 HR Sl X
Hal 2084 [AEY
i 81l -d. 44 SIS '
KL 1.7 R ! ,
| B12 NN SRR : v
| 812 ! L. 14 1.7 3 r
L_~ —LV 812 | -1.11% R B i '
————— — e *7 - . -+ . K ~
z=1/2 ¢ 2a ! 1.40 ‘ 1. 30 JLUH v
ig | T.HG T.HE CLUH Cr
ig 0.89 0.89 oL, CH o
8il 1.98 PN B 2.UH o
8il 3.83 ! 6.659 AR (o
8il 6.69 | 3.83 . 2.8 . Co
811 2.12 4.498 } 2,28 i o )
8i2 9.14 827 ’ 2. 28 | Cr
8i2 ~-0.33 5.54 | 2. ‘ Cr !
812 5.54 -0.33 1 2.28 : Cr i
812 3.27 9.1 | 2.2 | Cr |
S el RN SN S
z=1/4 ¢ 8j 2.80 2.80 | 1.1 [Co or Cr
8 ~2.80 -2.80 1.14 Tooor Ur
8J 7.20 1.61 1.14 Co or (r
8 j 1.61 7.20 | 1.14 Co or (r
z=3/4 ¢ 8J 7.20 1.61 3.42 Co or Cr
8 1.61 7.20 3.12 Co or Cr
]
z=-1/4 c¢ 8J 2.80 2.80 |-1.14 Co or {r
8J ~2.80 -2.80 [-1.14 Co or Cr

Note 1:

2:

¥ ITn the tetragonal unit cell
relationship a=b#c; and the interaxial angles are
CoCr sigma has 30 atoms per unit cell with a=8.81A and c=1.56A

the edge lengths are of the
oz f =7 =90%

The dimension a is taken in the x-direction; b in the
y-direction; and ¢ in the z-direction.

Lattice site designations are as per Henry and l.onsdalei?
Lattice site occupancies are as per Dickens et al. 43
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Wl PR e L e cnditrons and o assampt ions., For several reaso o<t he
ciama phase o on tee hrgher chromium ColrALY was assumed to o bhe o moere
fvbt s it start oo ooonditaion for the tormation of cither cobalt o

Foromy am <ulfare s compared to the alpha phase of the lower chromium
GOrAlh L The -.dma phase s oan intermetallie compound while the alpha
phase s a solid solutron of the alloying element s, Intermetallice
compounds frequent iy form bonds of a covalent nature, and these bonds
should require o higher activation enpergy to daisrupt. As discussed
below, the majority of the chromium atoms (Sec Figs, 30 and 31) 1n the

sigma phase are not so0 positioned asx to provide convenient sites for
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[#‘ the formation of a sulfate precursor. Reconstruction of the surface

?if would be required to provide these sites in the case of sigma, which

'ﬁd in turn would require some bond breaking. Although the cobalt atoms

Ji: in the sigma phase are adjacent to one another in Figs. 30 and 31,

Téﬁ most of the d-electrons that might be used for adsorption are tied up

¢

?) in covalent bonding with neighbors and unavailable for use in forming

g& adsorption bonds. For these reasons, in the probability calculations
)

;ﬁ. discussed in Appendix F, any sigma that forms was considered to reduce

R the surface available for the formation of sulfates by the direct

‘t{ interaction with sulfur dioxide. The beta phase, being of a CsCl

ﬁgz structure, should be alternating planes of aluminum and

.ﬁ? cobalt/chromium. For the purposes of the probability calculations,

i;j 50% of the total area of beta phase exposed at the surface was

‘?S considered not to form cobalt or chromium sulfate and the other 50%

o

. . was assumed to represent planes of atoms with a random arrangement of

)

iﬂd chromium and cobalt in proportion to these atoms’ concentration in the

;} beta. These assumptions were made even though the beta phase is also

%; an intermetallic compound, because testing by Provenzano et al.*5 has

ﬁﬁ shown that the beta phase can be attacked during hot corrosion.

: In summary, the following basic assumptions were made in the

af probability calculations of Appendix F: (1) the sigma phase is not

v;} capable of easily producing a precursor state of cobalt or chromium

ZE% sulfate; (2) only 50% of the total area represented by the beta phase

;f; is capable of producing cobalt or chromium sulfate; and (3) the alpha

;{} phase is a random mix of the three major coating elements and is

éﬁ capable of producing cobalt or chromium sulfate. Based on these

R
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assumptions, it was found that in going from the high chromium to the
low chromium CoCrAlY, the likelihood of producing 3, 4, or 5 adjacent
cobalt atoms as a precursor for cobalt sulfate changed by factors of
2.3, 2.5, and 2.7, respectively. In going from the low chromium to
the high chromium CoCrAlY the likelihood of producing 3, 4, or 5
adjacent chromium atoms as a precursor to the formation of chromium
sul fate changed by a factors of 1.08, 1.1, and 1.2, respectively.
Thus, this is as a possible mechanism by which increasing the chromium
content of the coatings can result in the suppression of cobalt
sulfate formation without a change in the chromium sulfate formation,
as occurred in the results presented in Figs. 27 and 28 and Table 9.
One benefit of adding chromium to the coatings seems to be in the
formation of the sigma phase, which results in the suppression of the
cobalt sulfate that is a critical component to the low temperature hot

corrosion process.

COBALT CLUSTERS AS PRECURSORS TO COBALT SULFATE FORMATION ON CoCrAlYy

A five-atom cluster of adjacent cobalt atoms (Fig. 32a) could
form a precusor state on the surface of CoCrAlY for the formation of
cobalt sulfate. A five-atom cluster would have two sites between the
five atoms to adsorb the oxygen that is released when sulfur dioxide
is dissociated. These two oxygens would then have a spacing that is
fairly close to the spacing between two coplanar oxygen atoms in
sulfur dioxide (Fig. 32b) and a sulfate molecule (Fig. 32c). Thus the
bonding of a sulfur dioxide molecule to these two oxygen atoms would

form a good approximation Lf a sulfate molecule (Fig. 32d). The
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b2
(#; spacings and angles were obtained from Mingos?% for sulfur dioxide,
LN
a
Q$ from Cruickshank4é and Connolly and Johnson4? for sulfate, and from
R
nﬁr' Cartert® and Andersont?® for Co{(0001). Thus this arrangement or
. cluster of atoms would then be ideally suited for the addition of a
\. ‘
i . .
'€1 sulfur dioxide molecule that would then be the start of a discernable
o .
L]
3&: ) sulfate. Although it will take much more experimental work than
2$
,yl contained herein to prove what exactly is the precusor state and how
N
) |‘|
%:” many different configurations will satisfy this requirement, a cluster
0..
1
5&: calculation that builds on the arrangement of the atoms shown in
KN
] Fig. 32d can prove informative and serve as a starting point for
iy
* -
2 further investigations.
Sans
‘Ri
Q,o.n
"} CLUSTER CALCULATIONS
c?ﬁ
3$ In the experiments described above, both the Co(0001) and the
o
b Cr(110) reacted in a similar manner to sulfur dioxide adsorption and
; . ] the reactions proceeded without a large difference in activation
“fg energies. This result is considered reasonable due to the close
b/ .'.i
'fj proximity of these two elements on the periodic chart and their
;?_ similar band structure, as described by Varma and Wilson.5¢ It was
V)
0
fﬁs also found that the benefit in hot corrosion resistance realized by
¥, I’-"
;;3 increasing the chromium content in CoCrAlY could be attributed to the
2
- onset of sigma phase formation and the likelihood of realizing minimum
"l
.
iw cluster sizes that facilitate cobalt and chromium sulfate formation.
0
".'
«3&{ Based on these observations an activation energy difference is not
Nl
- considered responsible for the improvement in the hot corrosion
]
:,ﬂ resistance of CoCrAlY as the chromium content increases.
oae
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Consequently, it is not of paramount importance to model with a
cluster calculation the existence of an activation energy difference
to sulfur dioxide adsorption by these two metals. Instead, a more
interesting model would describe the formation of sulfate by the
chemisorption of sulfur dioxide to a cluster of cobalt and oxygen
atoms. This reaction is the second part of the mechanism proposed
above as occuring for both metals as the initiating step in sulfate
formation. The model would demonstrate the feasibility of this
reaction step based on theoretical calculations and would provide
information as to the electron orbitals involved in the bonding
process and the direction of the electron transfer involved in the
bonding. Such a model will create added confidence in the
appropriateness of the proposed reaction mechanism and will provide a
foundation on which to base theoretical studies of clusters of other
elements that might resist the formation of these sulfates.

The cluster to be modeled (Fig. 33) builds on the cluster of
five cobalt and two oxygen atoms (depicted in Fig. 32d) by adding five
more cobalt atoms. Two are used to complete the hexagonal pattern of
cobalt atoms as would be found on a Co(0001) surface and three are
added to make a second layer in the configuration of HCP cobalt, which
will make the cluster more representative of a true surface. The
spacings for the cobalt atoms were obtained from Brick et al.5!; the
size of the oxygen atoms and their position in height above the row of
seven cobalt atoms were obtained from the works of Marcus et al,52 and

Van Hove and Tong33? on the adsorption of oxygen onto nickel. Nickel

is adjacent to c¢obalt on the periodic chart and the size of the two
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@ elements is considered near enough to use this reference data as an
8
X
Q&i approximation for the cluster under study. The positions of the atoms
\{
fb& in this cluster of ten cobalt and two oxygen atoms are given in
AN
Table 11.
_
R
": Table 11. Atom positions in a ten-cobalt, two-oxygen cluster.
1251
200y Atom Position
o) Designation X Y 7
%’ (A) (R) (A)
] »
-'l\_ Cobalt
e A 0 4] 0
el B 0 2.508 0
C 2.172 1.254 0
- D -2.172 -1.254 0
,_.-: E 0 -2.508 0
N F -2.172 -1.254 0
iy G -2.172 1.254 0
‘nrh H 0.724 1.254 -2.034
. [ -1.448 0 -2.0314
.- J 0.724 -1.251 -2.034
} -
.
_:& Oxygen
3{{ K -1.448 0 2.268
Ry - L l 1.448 0 2.268
"“k
sq} The SCF-Xa-SW method (Appendix B) calculations used to arrive
A
*{~ at the converged self-consistent values of the one-electron energies
[
. X )
:) required extensive amounts of CPU time on a VAX 11/780 computer. It
)
kc was found that one iteration of the 85 degenerate orbitals during the
vl
5“7 convergence part of the calculations takes 1 hour of CPU time. After
D
) 60 iterations the solution is nearing convergence. The energy values
X
: for the valence levels at this point in the iterations to convergence
4 -?b
Y are listed in Table 12. A similar calculation was performed to
'.)¢
convergence for the simpler problem of a tetrahedral cluster of four
ﬁ'
:?Y cobalt atoms, and the energy values for the valence levels of that
Iy
Jﬁ
‘l‘.
T,
)
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e
&4
#ﬁ cluster are listed in Table 13. Comparison of the two indicates that
_f% the larger cluster is nearing convergence. Calculations will be
f:ﬁ continued until convergence is reached and the results will be
g ; published separately.
tﬁ? Useful information can be extracted at this point in the
lﬁ% calculations. As part of the calculations a list is made of the
L;i amount of charge for each orbital on each atom in the cluster. The
i; atom or pair of atoms with the most charge for a given orbital gives
ﬁ}j an indicaticn of predominant atom or atoms with which the orbital is
x>, associated. These relationships for the valence levels are shown on
Eg; Table 12. The 2p electrons of the oxygen atoms lie at approximately
gh: 9.8 to 12.7 eV. They are very near in energy to the lowest unoccupied
"Gh molecular orbital of sulfur dioxide, which Anderson and Debnath?2?
é:% reported to be 9 eV. These orbitals are probably the ones involved in
5
';y the electron transfer and sharing in bonding a subsequent sulfur
[4
S_ ) dioxide molecule to the cluster as part of SOs4 formation. Once
S
,ik convergence is achieved the orbital contours can be mapped to better

show this bonding.
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Table 12. Approximate energies of degenerate valence level
orbitals for a cluster of ten cobalt and two oxygen atoms.

Energy Atom{(s)* with the majority of charge for
(eV) each level in order of predominance
26.93 0O K, O L
26.60 0O L, O K
13.50 Co A
13.20 Co A
13.05 Co A
12.90 ' Co A
12.84 Co A
12.70 O K, O 1, Co A
11.40 O K, O L
10.40 O L, O K
10.36 0O K, O L

9.90 0O L, O K, Co A
9.80 0O L, O K
9.50 Co 1, Co H!*
9.20 Co I, Co H
3.10 Co I, Co H
9.00 Co H, Co 1
8.90 Co 1, Co H
8.85 Co H, Co I
8.80 Co 1, Co H
8.70 Co H, Co I
8.65 Co H

8.60 Co I, Co H, Co G
8.57 Co H, Co 1
8.40 Co H, Co 1
8.36 Co H

8.33 Co H

8.30 Co 1, Co H
8.28 Co C, Co G
8.20 Co H, Co I
8.10 Co C, Co G
8.04 Co G, Co C
7.97 Co G, Co I
7.81 Co C, Co G
7.79 Co C, Co G
7.60 Co C, Co G
7.57 Co G, Co C
7.52 Co C, Co G
7.50 Co C

7.45 Co G, Co C
7.40 Co G
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3?2 Table 12. (Continued)

e g . .

0 | Energy Atom(s)* with the majority of charge for
::n' | (eV) each level in order of predominance

-

v ! 7.32 Co C, Co G

s 7.30 Co G, Co C, Co B, Col

N 7.29 Co C, Co G

v 7.26 Co G, Co C

b, 7.21 Co G, Co C

) 7.18 Co B, Co C, Co G

" 7.13 Co B

'.:-_ 7.13 Co C, Co G

- 7.1 Co B

e : 7.07 Co B

.-_:. R

: ¥ letter designations for the atoms in the cluster are as given
o 1 in Table 10 and shown on Fig. 33.

XN ’+ The following cobalt atoms are symmetry equivalent:
o B to E, C to D, G to F, and H to J.
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X,

s::'f

v

&

~.~.-
i*b Table 13. Converged energies of degenerate valence level
X { orbitals for a tetrahedral cluster of four cobalt atoms.
e )
B Energy Atom(s)* with the majority of charge for
oy (eV) each level in order of predominance

]

)

';, 19.90 Co D¢

ak 12.20 Co D, Co A
\J: 10.90 Co D, Co A
Y 6.00 Co A, Co D

o 4.70 Co A

4.20 Co A

w;: 4.10 Co A

“b 3.71 Co A, Co D

f}.: 3.39 Co A

o~ 3.37 Co A

o 3.27 Co A

- 3.03 Co A

¢i 2.97 Co A

a2
’j; ¥ Letter designations for the atoms in the cluster are as

?: shown on Fig. 34.
{f‘ + In this cluster, atoms A, B, and C are symmetry equivalent
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Fig. 34. Tetrahedral cluster of four cobalt atoms.
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L@ SUMMARY
e
,:: Metallic coatings containing cobalt, chromium, aluminum, and
%% yvttrium (CoCrAlY) are used to improve the hot corrosion resistance of
d the hot section blades and vanes of gas turbine engines that are
- operated in a marine environment. Chromium is the primary element )
A
i used in these coatings to improve their hot corrosion resistance; !
.1 cobalt is the base element. When cobalt reacts with sulfur dioxide in ?
K
ﬁ: the combustion gas to form cobalt sulfate, the hot corrosion
N
‘: performance of the coating can be degraded. By performing quantitive
N depth profiles with x-ray photoelectron spectroscopy (XPS), the oxides
ﬁ? on CoCrAlY coatings with 20 to 35 weight percent chromium were all
ég found to be alumina with an yttrium-~rich phase that was probably
-i vttrium aluminum garnet. Because of the similarity of the oxides on
&g these coatings, it was concluded that the hot corrosion benefit
)
.i derived by increasing the chromium content of these coatings must
L
( result from an improvement in the hot corrosion resistance of the !
ié roating beneath the oxide film.
A0
f; To aid 1in understanding this process, the reactions of
) elemental, single crystal Co(0001) and Cr(110) were studied. It had
::E been hypothesized that the reaction of sulfur dioxide with cobalt and
¢
.* chromium might proceed in two basic steps as follows:
!? l. SOz —» 2(0) + (S) (on the surface)
>
:g 2. 2(0) + SO; —» S04 (on the surface).
5? The first step involves the dissociation of sulfur dioxide on the
t_ metal surfaces with the resulting formation of sulfides and oxides.
gz In the second step, these oxides provide sites at which additional
o
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sulfur dioxide can bond to the surface and form sulfates. By using
\PS to study the reaction of sulfur dioxide with oxide-free surfaces
of single cryvstal Co(0001) and Cr(110), these steps were shown to
occur. The rates of these reactions were found to be similar for the
two metals, and no appreciable difference in activation energies could
be determined with the exposures to sufur dioxide used of pressures of
75 umHg and 1 atmosphere at 100°¢, 230¢, and 300°C for times of 1, 5,
and 15 min. Cluster calculations based on the SCF-Xa-SW method were
used to model the second step of the reaction above. The approximate
energies of the electrons in a cluster of ten cobalt and two oxygen
atoms were calculated, and the electron levels most likely involved in
the sulfate formation were identified. Cluster calculations are
planned to identify metals that might resist the sulfate formation of
step 2.

The knowledge gained of how the Co(0001) and the Cr(110) react
with sulfur dioxide was used to understand the reactions of sulfur
dioxide with CoCrAlY coatings. Oxide-free surfaces of CoCrAlY with 20
and 30 wt % chromium were exposed to 1 atm sulfur dioxide at 230°C for
1, 5, 15, 30, and 60 min. The CoCrAlY coatings were shown to form
sulfates of both cobalt and chromium in a manner similar to that
described for Co(0001) and Cr(110}. It was further demonstrated that
as the chromium content increased in the coatings, the formation of
cobalt sulfate was reduced. Within the range of chromium contents
studied, the high-chromium content coating had formed sigma phase
which was not present in the low-chromium coating. In comparison to

the alpha and beta phases present in the low-chromium content CoCrAlyYy,
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the sigma phase was hypothesized to be a more difficult surface on
which to form cobalt or chromium sulfate and the onset of sigma
formation was considered one way in which increasing the chromium

content of the coatings improves their hot-corrosion resistance.
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APPENDIX A

CALCULATIONS USED FOR FREE ENERGY CHANGE OF REACTIONS

If: Fr = free energy change of reaction at temperature T
H29s = heat of formation for the reaction
S298 = entropy of formation for the reaction
S29s5(X) = standard entropy for X reactant or product
H(x) = standard heat of formation for X reactant or
product
Cp(X) = heat capacity for X reactant or product

Then for the reaction aA + bB = ¢C + dD, where a, b, and c are moles

and A, B, C, and D are reactants or products, the relationship for the

free energy change of reaction at temperature T is:

T T
Fr = Hzoes + / c.,d'r-'rs“s-'r/ Cp dT
T
298

298
where:
Hz29s = d( Hp) + c( Hc) - a( Ha) - b( Hs)
S29s = d[S29s(D)] + c[Sz29s(C)] - alSz29s8(A)] - b[Sz298(B)]
Coe = d[Cp(D)] + clCp(C)] - alCp(A)] - clCp(B)]

Note: Reference source is Kubaschewski and Alcock.S55
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APPENDIX B
THE SCF-Xa-SW METHOD FOR CALCULATING

THE ONE-ELECTRON ENERGIES OF CLUSTERS

An excellent description of the SCF-Xa-SW method of cluster
calculations can be obtained by referring to the works of Slatersé and
Johnson. 37 The following text is a synopsis of that work.

The true potential field of the many electrons and nuclei that
make up a cluster of atoms is extremely complex. To solve
Schrodinger's equation for the energy of- electrons moving in such a
potential field, one must develop a suitable model or approximation to
this potential field that will make the solution tractable. One such
approximation is to take the potential field of all the electrons and
the nuclei and replace it with an averaged self-consistent field
(SCF). The Schrodinger equation is then solved for the case of one
electron moving in the averaged potential field of all of the other
electrons and the nuclei. The solution will result in a set of
eigenfunctions (wavefunctions or spin-orbitals) and eigenvalues (the
one-electron energies). These spin-orbitals are then "filled” with
the electrons in the cluster which then makes it possible to compute
an electronic charge density. If the normalized spin-orbital is
designated u; then u;u;* is the charge density of an electron in this
spin-orbital. If all of the charge densities of the electrons are
summed and added to the charges of the nuclei, classical
electrostatics can be used to find the electrostatic potential energy

of an electron in this field. This is called the “"coulomb potential™.
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;’; Corrections must be made to this potential since it involves an

;ﬁj electron acting electrostatically on itself as well as on all of the

' S other electrons. Obviously, an electron does not electrostatically

i

: ' interact with itself and this self-interaction must be removed from
N

‘:3 the coulomb potential. This correction is referred to as the exchange
N

’f; correlation potential. (It is the "ex"” in the word exchange from

;'{ which one gets the "X" in SCF-Xa-SW). It also accounts for the

g{? effects of antisymmetry and Pauli forces. Slater$s proposed that the
:;é exchange correlation potential is proportional by a factor "a " to the
) one-third power of the local electronic charge density, p(r). (This
L)

”EE is the "a " in SCF-Xa-SW.) With this correction to the potential, the
i%& u,’s can be varied, and Schrodinger’s equation can be solved again and
- a new potential calculated. With the new potential field a new set of
i;; ui’s can be calculated. This iterative procedure (first used by

Eiﬁ Hartrees?) can be continued until no appreciable change occurs in the

?Q potential. (It is from this that the term self-consistent field (SCF)
%%i arises.) The resultant potential field and the ui’s used with the

;g& Schrodinger equation will result in the final estimate of energy

;L values for the one-electron orbitals.

‘gﬁ The actual application of this method to a cluster of atoms

5?£ involves breaking the space in and around the cluster into three

l;j regions. This has been described by Johnson3? for a cluster of four
;i& atoms and is depicted in Fig. 35.
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Region 1:

Atomic--The regions within spheres around
each atom in the oluster. These
regions can be slightly overtapping
or nonoverlapping. |

Region 2:

Interatomic--The region between the spheres of the
atomic regilons surrounding each atom
and the outer sphere surrounding the
entire cluster.

Region 3:
Cluster Exterior--The region external to the outer
sphere.

Fig. 35. Regions of a cluster.

A further simplification involves using spherical zones (broken
circles) within the interatomic 2one 2.

The one-electron Schrodinger equation (in Rydberg units) is
[- V2+4V(T)] ¥(T) = E ¢(F), which must be solved in each of the three

regions for a local potential energy function of




V(r) = Vel(T) + Vaa(T), where Ve(T) is the coulombic contribution and

o

i; Vxa(T) = -6a [(3/87 ) p(T)]! ¥ 1is the NXa statistical approximation to
:E exchange correlation. The calculation is started by expanding the
'~ potential at any arbitrary point r of the cluster as a superposition
:E: VIT) = ¥V, (IT-R,) of free-atom SCF-Xa potentials centered at

. I

;E: positions R;, where j is the index for each of the atoms in the

1

~luster. Herman and Skillman®? generated the original free atom

F C

potentials which have been modified to use the Xa exchange correlation

§ scaling parameter. The potential energy in each region 1 is expanded
';: by superpositon of spherical harmonics. (See Johnson5? for complete
ﬁ\‘ details.) 1In this expansion the first term includes the contribution
% . from the atom in the region 1 of interest and the spherically averaged
.f contribution of all the other atoms in the region. Thus, this method
{3 includes the first order effects of overlapping potentials. 1In region
Qi; 2 the potential can be spherically averaged inside the spheres
described by the broken circles in Fig. 35, or in many cases an
fiif average of the potential in region 2 is sufficient and will result in
E; a constant interatomic potential energy. 1In region 3 a spherical

X1,

)

average of the potential with respect to the center of the cluster is

O

A used. This partitioning of space into zones of spherically- and

LS

A

"

o volume-averaged potentials allows for the mathematical representation
By

.. of wave functions as composite partial wave representation. The wave
Y

#:i function can then be dealt with as an expansion of terms that allow
1'\-.

::ﬁ for a numerical intergration solution to Schrodinger's equation (See
N

- Johnsons$? for details). The wave functions and their first
) J':'
::?: derivatives are joined continously throughout the various regions of
:» *:
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the cluster. The SW term in the title of the method comes from the
fact that the wave function in the interatomic region is built up with
the scattered waves (SW) from the various atomic sites. The solution
of Schrodinger’s equation becomes a set of secular equations which are
solved numericaly for energies and wave functions. The procedure is
repeated using the wave functions to generate a new electronic charge
density, which in turn is used to generate a new potential. The new
potential is volume averaged in the intersphere region and is
spherically averaged inside the atomic and interatomic spheres and in
the cluster exterior. This potential is then averaged with the
potential from the previous iteration and this average is used as the |
input potential for the next iteration. The process is continued

until the potentials and the charge density achieve self-consistency.
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4~ APPENDIX C
\l
%‘{ SPUTTER RATE STANDARD PREPARATION PROCEDURES
[
Y
o A 1000 A anodized tantalum specimen may be prepared in the
‘vt : following manner:
Y
e a. Polish two 0.125-mm foils of tantalum by dipping them for
ATy
)
i) up to 1 or 2 seconds in an acid solution (59.0% H:50,,
b 17.0% HF, 23.5% HNOj).
YA
‘N b. Pass the samples through two rinses of deionized H:0.
PB
1o c. Blow them dry with N:2.
LW
B~ d. Using one polished foil as an anode and another as a
1) }.\
Y
‘fﬁ cathode, apply 6.66 V dc between them while they are
n
'g; suspended in an electrolyte (94.3% deionized H.0,
* gl
A 5.7% HNO3). One of these plates is sufficiently
N
iﬂ anodized when the current drops to zero.
.
e . e. Rinse the "gold" anodized specimen in acetone. The gold
\
:ﬁ color indicates 1000 A of Ta.0s.
-:\'.
- d. Blow the specimen dry with N2.
~.;
fm; Note: This procedure was obtained from the operating manual for
AN
gﬁ: the Phi Electronics Sputter Gun.
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2 FIRST ORDER REACTION RATE CALCULATIONS
[~
_* Assuming a reaction of the form:

aA + bB —» cC ,

‘c

N where a, b, and ¢ are moles, and A, B, and C are products or
Y reactants, then for rates of reaction we have:

{

4 1.dlc) = -1 dfA} = -1 d[B] ,

W c dt a dt b dt

'j where A, B, and C represent concentration of products ore reactants.
oY

If we assume the reaction is first order in concentration of C and

&

ﬁ ¢ is 1, then:

o dic] = k(c) ,

o dt

|

N d[C] = k dt ’

. C

~

i: where k is the rate constant, and

1%

X ) c t

. d[C] = k dt

N C

- C1 t,

f If t, = 60 seconds

‘ In C - In C; = k(t - t;) = k(t - 60 sec)
: In C = k(t - 60 sec)

A C

*

. C = ek(t - 60 sec)

¥ C,
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g C = (flek(t - 60 sec)

: log C = k{(t - 60 sec) + log C
%8 2.303
=¢: Thus, for a plot of log C vs. (t - 60 sec), if a straight line
) "-_‘
o~ results, its slope = k/2.303.
~
'\-,\ . ) A
. This slope is obtained by assuming a straight line result and
i
\}} performing a linear regression analysis of the data: log C vs.
8
i.l.
ci (t - 60 sec). This gives values of k in units of sec-1, If the
o
. reaction is assumed to follow an Arrehenius type relation with
’Si temperature then:
o
Y
3 }&.. - E a / R T
Y
Y k = Ae ,
1
3
"o where Ea is the activation energy, R is the universal gas constant,
. -.'.\
?ﬂf and A is a constant.
,-\.--
s If a plot of log k vs. 1/T gives a straight line, then the
[4
3
;r activation energy for the reaction = -2.303 (R) (slope).
U NGA
{ A 2
0N . . .
ﬂgu Ea is in units of cal/mole if T is in helvins and k is in sec-!,
]
’ 7
N

¥
e

Note: Reference source is Daniels and Alberty. 6!
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APPENDIX E
PROBABILITY CALCULATION OF VARIOUS SIZE CLUSTERS

If one imagines a large enough pool of atoms such that for a
given concentration of one type of atom the probability of drawing
that atom from the pool never significantly changes, then the
probability on a surface of having two adjacent sites occupied with
the same type of atom is the joint probability of drawing two of the
same type of atom in succession from the pool of atoms.

For a mixture of 56 atomic % Co, 20 atomic % Cr, and
21 atomic % Al the random probability of gett;ng two adjacent (Cr atoms
on a surface is:

0.2 x 0.2 = 0.04

For a mixture of 46 atomic % Co, 34 atomic % Cr, and
19 atomic % Al, the probability is:

0.34 x 0.34 = 0.1156

The increasing likelihood of getting two adjacent Cr atoms on

going from 20 to 34 atomic % Cr is:

0.1156 2.9
0.04




<

CoT

l;ﬁ Likewise, the respective probabilities for a cluster of three
O

<< \1.

%z§ adjacent Cr atoms with these two compositions are 0.008 and 0.039.

_ .
}hj The increasing likelihood of getting three adjacent Cr atoms on going
53% from 20 to 34 atomic % Cr is:

\“"‘

N

-:\J

At

o 0.039 _ 4.9

) 0.008

S8

“{f For the case of Co with the 56 atomic % composition, the

ﬂf: probability of getting a two-atom cluster is 0.3136; with the

W !
Wy 46 atomic % Co composition the probability is 0.2116. Therefore, the 1
|‘.'

B A increasing likelihood of getting two adjacent Co atoms on going from
BLe

W 46 to 56 atomic % Co is 1.48

Wi

"} Again for the case of Co, with the 56 atomic % Co composition
A

:H the probability getting a three-atom cluster is 0.175; with the 46
1285

i&; atomic % Co composition the probability is 0.097. Therefore, the
1‘ ) increasing likelihood of getting three adjacent Co atoms on going from
R~ 46 to 56 atomic % Co is 1.79.
o
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APPENDIX F

EFFECT OF SIGMA, BETA, AND ALPHA PHASES IN CoCrAly

ON PROBABILITY CALCULATIONS

Basic assumptions:

l.

2.

Given facts:

1.

The sigma phase doesn’t produce any sulfates.

The chromium in the beta phase substitutes for Co in
a random manner on the CoCr phase.

In the beta phase there is a 50% chance of having a
plane that is predominant in aluminum at the surface.
In the alpha phase the atoms occupy the lattice sites

at random.

In the 20Cr CoCrAlY the phase distribution at the
surface is 88.6% beta, 11.4% alpha, and 0% sigma.

The composition of the beta phase is 56 atomic % Co,
11 atomic % Cr, and 30 atomic % Al. The composition of
the alpha phase is 64 atomic % Co, 30 atomic % Cr, and
6 atomic % Al.

In the 35Cr CoCrAlY the phase distribution at the
surface is 40.7% sigma, 59.3% beta and 0% alpha. The
composition of the sigma phase is 16 atomic % Co,

18 atomic % Cr, and 6 atomic % Al. The composition of
the beta phase is 5t atomic % Co, 20 atomic % Cr, and

29 atomic % Al
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W 3 = 2 -
3 “
L% 1
e
25
i:
w?i
jizj Using these assumptions and facts:
2,
‘*;. ®For the 20Cr CoCrAlY the probability of getting three
. adjacent atoms of cobalt is:
S0
;?QJ in the alpha phase
AN
i)} (% of cobalt in alpha)? «~x % of alpha phase at surface
u3 (0.64)3 x (0.1134) = 0.030
1‘
Ukl in the beta phase
. I“l
o ,
A0 (% of Co in CoCr plane in beta)? x % of Co(Cr planes in beta x % of
[N
- beta phase at the surface
".":.l
u (0.8)3 x 0.5 x 0.886 = 0.227
WK
f?? Total probability of getting three adjacent atoms of cobalt is:
StV
* i
8
o 0.227 + 0.030 = 0.257
o8
N
‘)}‘ ®For the 35Cr CoCrAlY the probability of getting three
ot ‘ .
$‘$ adjacent cobalt atoms is:
b \f
;;? in the beta phase

%\

£l

(% of Co in the CoCr plane)? x % of CoCr planes in beta x % of beta

5o

phase at surface
s (0.72)3 x 0.5 x 0.593 = 0.11

Total probability of getting three adjacent atoms of cobalt = 0.11.

CN Consequently, the increased likelihood in going from 35Cr to 20Cr

CoCraAlY of getting a three-atom cluster of Co=0.257/0.11=2.3.

Pt 116
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®For the 20Cr CoCrAlY the probability of getting three
adjacent atoms of chromium is:
{% of Cr in alpha)? «x % of alpha phase at the surface =
{0.3)% x 0.114 = 0.003

in the bheta phase

{% of Cr in CoCr phase)3? x % of CoCr planes in beta x % of beta phase
at the surface =
(0.2)3% x 0.5 x 0.886 = 0.003
Total probability of getting three adjacent chromium atoms =
0.003 + 0.003 = 0.006

®For the 35Cr CoCrAlY the probability of getting three

adjacent atoms of chromium is:

in the beta phase

(% of Cr in the CoCr plane)? x % of CoCr planes in beta x % of
beta phase at the surface =
(0.28)3 x 0.5 x 0.593 = 0.0065
Total probability of getting three adjacent chromium atoms =
0.0065

Consequently the increased likelihood in going from 35Cr to 20Cr

CoCrAlY of getting a three-atom cluster of Cr=0.0065/0.006=1.08
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